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Transitional metal oxides (TMO), due to their resistive switching (RS) 
properties, are promising for developing the resistance random access memory 
(ReRAM), a candidate for the next generation of memories. As continuously 
miniaturizing memories, the research subjects are being scaled down from 
macro to micro/nanoscale, indicating the possibility of the ionic and 
electrochemical phenomena and their capability to change the physical 
properties of materials.  
Three binary TMO, namely NiO, TiO2, and VO2, were prepared by the pulsed 
laser deposition (PLD) in the form of thin films. By adjusting the PLD 
parameters, samples with different oxygen vacancies (or ions) concentrations 
and film thicknesses were obtained. The advanced Scanning Probe 
Microscopy (SPM) techniques, including the Atomic Force Microscopy 
(AFM), conductive Atomic Force Microcopy (c-AFM), Kelvin Probe Force 
Microscopy (KPFM) and Electrochemical Strain Microscopy (ESM), were 
employed to characterize the thin film samples. 
The results in this work can be divided into four parts, and the first part is 
pertinent to the NiO. Firstly, the electrical field induced ionic processes of 
NiO were verified by ESM. Secondly, the ionic processes were evidenced to 
determine the RS of NiO by combining ESM, c-AFM, and an environment 
control setup. Thirdly, as the increase of the oxygen vacancy concentration, 
 xiii 
 
the RS of NiO changed from bipolar to unipolar. Fourthly, there was a critical 
film thickness for the RS emergence, and NiO did not show RS when the film 
thickness was ~4 nm. Lastly, the negative differential resistance (NDR) was 
observed during the RS of NiO and it was film thickness dependent. 
The second part is about RS characteristics of the TiO2 in vertical cell 
geometry. Similar to the results of NiO, the ionic processes of TiO2 were 
experimentally evidenced and these ionic processes determined the RS of TiO2. 
TiO2 showed bipolar RS when the oxygen partial pressure was 1.3×10
-6
 Torr, 
and changed to unipolar when the pressure increased. The surface 
deformations were observed when the film thickness decreased to ~4 nm. 
The third part is about the RS phenomena in the TiO2 with lateral cell 
geometry. The surface deformations were widespread during the resistive 
switching and verified to be induced by the electrochemical reactions 
involving moisture in the ambient air, which caused the degradation of the RS 
with the cycling number.  
The fourth part relates to VO2. Temperature, mechanical stress and electrical 
field, were found to be stimuli to induce the conductivity variations of VO2. 
The conductivity, rapidly increased when the temperature rose to 70℃, 
gradually increased as the mechanical stress increased, and firstly increased 
with the voltage and then rapidly dropped to an insulating state when the 




Results in this work have illustrated the RS properties of TMO from the point 
of the ionic and electrochemical processes, which will contribute to a detailed 
understanding of the RS processes of TMO, demonstrate the influence of the 
concentration of oxygen vacancy and the film thickness on the RS of TMO, 
and also suggest that the RS endurance improvement by controlling the 
moisture concentration. Given the composition and the crystal structure of the 
selected TMO, this work will constitute as a part of the research on the TMO 
in our research group. Although there are more work of the SPM research on 
the ionic and electrochemical phenomena, especially in the energy storage and 
conversion materials, such SPM study is rare in terms of the RS of TMO. 
Therefore, combining various SPM techniques to characterize the coupling 
between the ionic and electrochemical phenomena with RS processes of TMO 
is one of the features of this thesis. Furthermore, this work evidences the 
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This thesis covers the four years’ Ph.D project on application of Scanning 
Probe Microscopy (SPM) based techniques to characterize the bias induced 
structural and properties variations in transition metal oxide thin films. This 
chapter describes the background of the research work conducted in this 
project. In addition, the research motivations and objectives, as well as the 
overall structure of the thesis are also presented. 
1.1 Overview of the resistive switching property of materials 
Conventional charge-based non-volatile memory (NVM) devices, such as 
FLASH memory, and widely used volatile memory such as dynamic random 
access memory (DRAM), are expected to approach their practical and physical 
limits as the results of continuously scaling down of the semiconductor 
devices.
1
 One of the approaches to solve these scaling limits is to develop 










 Among these next-generation NVMs, 
RRAM has been considered as one of the most promising non-charge-based 
NVMs due to the advantages of high density, low power consumption, high 
switching speed and simple metal-insulator-metal (MIM) structure.
18
  
The operation of the RRAM is essentially based on the electrically stimulated 
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change of the resistance of materials, i.e., resistive switching. The studies on 
the resistive switching started since 1960s
19
 and revived in 2000s.
15
 A variety 
of materials are discovered to exhibit the resistive switching phenomena and 
possess the potential for the next-generation NVMs. These materials can be 
classified into two categories: metal oxides and organic compounds. Among 













 have been extensively studied because of 
the simple structure and excellent performance. The governing mechanisms of 
the resistive switching, however, are still under debate and so far few uniform 
models have been established for the nature of the resistive switching of 
transition metal oxides.  
On the other hand, as continuously miniaturizing and pursuing more excellent 
performance of semiconductor devices, the materials to be used for those 
devices are also scaled down from macro to micro, even to the nanoscale. This 
transition into the nanometer scale can shorten the transport lengths, increase 
the chemical and electrostatic gradients and raise the surface/volume ratios, 
blurring the boundary between the physical and electrochemical phenomena in 
the materials.
32
 For example, the ionic motions and the subsequent redox 
reactions of transition metal oxides under electrical field (electrochemical 
phenomena) can lead to the change of physical properties, such as the molar 
volume and resistance. This resistance change induced by the ionic motion or 






However, few experimental evidences have been observed to support this 
mechanism since the ionic motion paths and reaction sites are most likely to 
be localized at the nanoscale. The lack of direct experimental evidences has 
hindered better understanding and optimizing the resistive switching of 
materials, necessitating the development of the advanced characterization 
technologies at the nanoscale. 
1.2 SPM techniques and the applications on resistive switching 
properties 
Scanning probe microscopy (SPM) is one of the most promising techniques to 
characterize the surface properties of materials at the nanoscale.33 SPM 
encompasses a family of techniques including Atomic Force Microscopy 
(AFM), conductive AFM (c-AFM), Electrochemical Strain Microscopy 
(ESM), Kelvin Probe Force Microscopy (KPFM) and so on.  
Currently, some of these SPM techniques have been employed to investigate 
the resistive switching properties of transition metal oxides: c-AFM has 
enabled the observation of the existence and distribution of conductive 
filaments in NiO;24 combining c-AFM and KPFM has experimentally 
supported an interface-filament coupled mechanism for the resistive switching 
in TiO2.
20  
As a new SPM-based technique, ESM is mainly used to investigate the local 
ionic/electrochemical phenomena for several energy storage and conversion 
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materials, such as oxygen conductors as well as the electrodes used for Li-ion 
battery.34-37 In terms of resistive switching of transition metal oxides, ESM is 
rarely applied.  
As the basic principle of ESM is to measure the electrical-field induced 
deformation, the ESM technique, in principle, should be able to be applied to 
the group of materials of which the resistive switching processes are based on 
the electrochemical reaction. It is therefore necessary to extend the ESM 
technique to investigate the resistive switching phenomena in transition metal 
oxides, as the significant ionic/electrochemical effects may be dominative 
factors in this group of materials. 
1.3 Motivation and objectives  
Based on the above introduction, research gapes can be revealed: 1) although 
the extensive research has been conducted on the resistive switching behavior 
of the transition metal oxides, the nature of the switching especially at 
nanoscale is not known; 2) when the system is scaled down into the nanoscale, 
the ionic/electrochemical effects should be significant, and the correlation 
between these ionic/electrochemical effects and resistive switching of 
transition metal oxides is not clear. SPM techniques can facilitate the 
investigation of resistive switching phenomena at nanoscale, and ESM can be 
used to study the ionic/electrochemical phenomena with successful 
applications in energy storage and conversion materials. Therefore, in this 
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project, three typical transition metal oxides are selected and SPM techniques 
including c-AFM, ESM, KPFM are used to study the resistive switching as 
well as the ionic/electrochemical effects of these transition metal oxides. The 
aims in this project include: 
(I) Three representative transition metal oxides are selected as templates to 
characterize the resistive switching properties: NiO (Rock Salt type structure), 
TiO2 (Rutile structure), and VO2 (Rutile structure, uniquely temperature driven 
phase change material). Table 1.1 lists the typical binary oxide material on the 
basis of the coordination numbers and the crystal structures. According to 
Table 1.1, these three transition metal oxides represent binary oxide systems 
from a high M/O ratio to a low M/O ratio, as well as from a simple to slightly 
complicated crystal structure. As research on the resistive switching of ZnO 
has been conducted by previous fellows in our group,38 39 this study on the 
resistive switching of NiO, TiO2, and VO2 in this thesis will therefore 
contribute further to the SPM research on the resistive switching of binary 
transition metal oxides. 
In the field of the resistive switching of transition metal oxides, NiO and TiO2 
are two of the most widely used materials for the application in RS. Because 
to study the ionic/electrochemical processes during the RS is a rare point in 
RS studies, choosing these two typical TMO will make more references 
available. On the other hand, it is well known that the conductivity of VO2 will 
undergo a rapid change at a transition temperature, attracting our attempt to 
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combine SPM techniques with a heating stage to track the conductivity 
variations at a micro/nano-scale.  
 
Table 1.1 Binary oxide materials based on the coordination number and the 
crystal structures.40  
M/O ratio Coordination 
Number 
Types 
of crystal structure 
Examples 
of oxides 
1 (MO) 4 wurtzite ZnO 
6 rock salt NiO 
2/3 (M2O3) 6 corundum α-Al2O3 
1/2 (MO2) 6 rutile TiO2, VO2 
 
 (II) Experiments combining ESM techniques with the environmental control 
are designed to characterize the resistive switching phenomena of the binary 
transition metal oxides.  
(III) The underlying mechanisms and the ionic/electrochemical effects of 
transition metal oxides are investigated by comparing the results of the three 
types of oxides mentioned above. 
(IV) The effects of the PLD parameters (including the oxygen partial pressure 
and the deposition duration) which are linked to the oxygen vacancy 
concentration and the film thickness on the resistive switching of NiO and 
TiO2 are probed. 
(V) The resistance (conductivity) variations of VO2 induced by multiple 
stimuli are also probed by various SPM techniques combined with the 
temperature control and the environment control. 
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1.4 Thesis outline 
This thesis includes eight chapters. Chapter 1 provides a brief overview of 
resistive switching of materials. In addition, an introduction of SPM 
techniques and the motivations and objectives of this research work are also 
included. Chapter 2 presents the literature pertinent to this dissertation. 
Chapter 3 describes the samples preparation procedures and the SPM 
techniques that are used in this research work. Chapters 4 to 7 report the main 
results on the resistive switching phenomena of NiO, TiO2, and VO2 by using 
various SPM techniques. Finally, Chapter 8 summarizes the conclusions about 
the resistive switching properties of binary transition metal oxides based on 
this research work. In addition, the recommendations for the future work are 

















This chapter provides the literature review for better understanding of the 
topics discussed in the Chapter 1 as well as in the subsequent chapters. The 
literature review includes four main parts: 1) basis of resistive switching; 2) 
resistive switching in transition metal oxides; 3) ionic and electrochemical 
phenomena; and 4) the operation principles and applications of various 
Scanning Probe Microscopy (SPM) based techniques to probe the resistive 
switching and the ionic and electrochemical phenomena. 
2.1 Resistive switching  
As mentioned in the Chapter 1, resistive switching of materials, defined as the 
electrically induced conversion of the resistance state, has formed the basis for 
the resistance random access memory (RRAM) that is one of emerging 
memories for the next generation non-volatile memories. This section mainly 
introduces the basics of the resistive switching and the state of the art of the 
resistive switching based on the transition metal oxides with focus on three 
selected binary transition metal oxides, namely, nickel oxide (NiO), titanium 
oxide (TiO2) and vanadium oxide (VO2). Prior to this introduction, a 
background is provided about the evolution of the memory, two ‘giant’ 
memories currently capturing the greatest share in the semiconductor memory 




2.1.1 Background of the memory  
Recording and passing knowledge from generation to generation is of great 
importance for the development of the human beings, which heavily relies on 
the information recording mediated by various carriers, namely, memories. It 
can be found in Figure 2.1(a)18 that the information carriers have been 
evolving throughout the human history, from the primitive knots to the slate, 
bone and bronze, bamboo slip, and paper in the ancient time, then to the 
electronic devices of the modern time, demonstrating that the memories are 
being developed to pursue high capacity, density and speed.  
This trend of memories’ development is more apparent for the rapid 
development of today’s digital memories. Two types of conventional digital 
memories are sharing the greatest part of the current semiconductor memory 
market. One is dynamic random access memory (DRAM) which is a volatile 
memory because the stored information disappears once the power is off, and 
is widely used as the main memories due to its considerate capacity.41 The 
other one is called FLASH memory which is a non-volatile memory (NVM) 
due to the retention of the information even if the power is turned off.42 Since 
the information stored in the FLASH memory can be erased and rewritten, the 
FLASH memory is applied for the information storage in many commercial 
products, such as personal computers, pads, mobile phones, digital cameras, 
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digital audio players, and so on. 
 
 
Figure 2.1 (a) A flowchart of the evolution of the memory; and (b) next 
generation of non-volatile memories.18 © 2015 Elsevier Ltd. 
 
Although these omnipresent and successful application of the DRAMs and 
FLASH memories, their limitations are gradually exposed as the modern 
information technology requires the memories with high density, low power 
consumption, high speed, and high reliability. The primary limitation of the 
DRAMs is the high power consumption, whereas limitations for FLASH 
memories are mainly the low speed (or the long erase and write time) and the 
limited reliability.42 At the same time, both the DRAMs and FLASH 
memories, as the results of the continuously miniaturizing of the memory 
devices, are expected to approach to the technical and physical limits in the 
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near future.1  
To overcome these limitations, many novel memories [Figure 2.1(b)] have 
been proposed, including the ferroelectric random access memory (FeRAM) 
which is based on the reversal of the polarization in the ferroelectic 
materials;2-4 the phase-change random access memory (PCRAM) in which the 
resistance of a chalcogenide compound changes with the phase transition 
between the crystalline and amorphous states;9-12 the magnetoresistive random 
access memory (MRAM) which works based on a magnetic tunnel junction;5-8 
and the resistance random access memory (RRAM) which as mentioned 
previously is based on the resistance switching phenomena of materials.13-17 
Among these emerging memories, RRAM is considered as the most promising 
candidate for the next generation  non-volatile memories due to its superior 
performance compared with other emerging candidates as well as the 
aforementioned DRAMs and FLASH memories,  in terms of density, speed, 
endurance, scalability, and power consumption. The comparison of 









Table 2.1 The comparison of conventional and emerging memory devices. 
Data are cited from references.18, 43-45 














































2.1.2 Basics of resistive switching  
RRAM, the most promising candidate for the next generation of non-volatile 
memories, is based on the resistive switching phenomena of the materials, and 
more specifically of a metal-insulator-metal (MIM) memory cell.24 This MIM 
memory cell can have two different configurations. One is the vertical (or out-
of-plane) configuration, a conventional and widely used design, in which the 
insulating layer (I) is vertically sandwiched by two metal electrodes (M) along 
the thickness direction.1, 13, 45-52 The other one is the lateral (in-plane) 
configuration1, 13, 53, 54 in which two electrodes are parallelly deposited on the 
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surface of the insulating layer.  
The resistance (or the conductivity) of the MIM RRAM cells can be changed 
when the MIM memory cells are subjected to the external electrical field. 
Switching the cells from a high resistance state (HRS) to a low resistance state 
(LRS) is termed as the “set” process, whereas the reversal from the LRS to the 
HRS is named as the “reset” process. The threshold voltage or current at 
which the resistance switches from HRS to LRS (or from LRS to HRS) is 
defined as the set (or reset) voltage or current. According to the polarities of 
the set and reset voltages, resistive switching can be classified into two groups, 
i.e., unipolar RS when the polarities of the set and reset voltages are the same, 
and bipolar RS when the polarities are different (shown in Figure 2.2). 
 
 
Figure 2.2 Classification of resistive switching in voltage sweeping 
experiments. (a) Unipolar RS; and (b) Bipolar RS.13 © 2007 Nature Publishing 
Group 
 
Studies on the resistive switching can be dated back to 1960s when the 
hysteretic current-voltage (I-V) characteristics was firstly reported in the 
Al/Al2O3/Al structure,
24 indicative of the electrical field induced resistive 
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switching.19 Followed by this, during 1960s-2000s, resistive switching 




57, 58 NiO,26, 59 VO2,
27, 60  Ta2O5,
61 and WOx.
29 In 2000s, 
when Beck and his colleagues discovered the resistive switching phenomena 
in Cr-doped SrZrO3 thin films and suggested the potential for the next-
generation non-volatile memory,15 studies on RS have been revived again with 
a large number of publications on the resistive switching of SrZrO3.
62-72 In 
addition, the perovskite-type titanates and manganites,73-79 ferroelectrics such 
as BiFeO3,
80-83 organic materials,84-86 and carbon materials87-91 have also 
attracted great attention in the RS field. Simultaneously, the binary metal 
oxides, as the pioneers in the RS filed, are still under extensive studies as they 
have shown distinct RS performance being achieved in sophisticated 
nanostructures13, 14, 25, 92, 93 and new RS materials are found in many new 
binary metal oxides, such as SnO2,
94 Gd2O3,
95  HfOx,
46, 49, 96 MnO2,
97 Co3O4,
98 
and doped ZnO.99-101  
 
 
Figure 2.3 Two types of resistive switching mechanisms: (a) filament-type 
RS; (b) interface-type RS.1 © 2008 Elsevier Ltd. 
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As the increasing number of the RS materials, many mechanisms have been 
proposed to explain the RS phenomena. Generally-speaking, these 
mechanisms can be classified into two categories according to the type of the 
conducting path: the filament-type RS and the interface-type RS (Figure 2.3).1 
For the filament-type of RS, the conducting path consists of conductive 
filaments which can be formed and ruptured to realize the RS due to the 
thermal effects, the redox, or the ionic migration.53, 102, 103 For the interface-
type of RS, the RS takes place at the interface between the metal electrode and 
the oxide, which is driven by the electrochemical migration of oxygen 
vacancies,104-107 the charge injection,108, 109 or the charge trapping.110, 111 
Nevertheless, it has to note that, for most cases, these RS mechanisms may co-
exist and reversibly convert into each other even though they originate from 
different causes,112 and to date there is no unified theory being established to 
explain the RS phenomena.  
Although RRAMs are promising as shown in Table 2.1, there are still many 
issues to be solved before they can be successfully implemented in the 
applications. For example, the knowledge of the clear RS mechanisms 
underpinning the functions of RRAM needs to be understood. Furthermore, 
combined with the virtues of most binary transition metal oxides, e.g. 
relatively lower energy consumption, simpler fabrication process and more 
excellent compatibility with CMOS technology (CMOS: complementary 
metal-oxide-semiconductor, a technology for constructing integrated circuits), 
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binary transition metal oxides are always attractive to many researchers to 
explore the RS mechanisms or improve the RS performance.1, 13, 113-116 
Therefore, three typical binary transition metal oxides, namely, nickel oxides 
(NiO) 117, titanium oxides (TiO2), vanadium oxides (VO2), are selected as the 
research subjects in this work. The word ‘typical’ here includes three 
meanings: 1) these three binary oxides represent different oxide structures. 
NiO has a simple rock salt structure, TiO2 and VO2 are rutile structure, in 
which is slight complicated than that of NiO; 2) the electrical related 
properties in NiO and TiO2 are widely studied; and 3) VO2 has a unique 
feature that its resistive switching can be sharply modulated by the 
temperature and/or other external fields. Hence, in the next section we will 
briefly summarize the structures and the properties of these three binary 
transition metal oxides as well as the research pertinent to their RS behavior. 
2.1.3 Resistive switching based on the transition metal oxides  
2.1.3.1 NiO 
Owing to its simple composition (binary transition metal oxide) and structure 
(cubic crystalline structure, or sodium chloride structure), NiO has attracted 
great attentions, especially for the application of the unipolar RS-type RRAM.  
The filament mechanism is widely used to explain the unipolar RS. According 
to the filament mechanism, conductive filaments are generated and 
subsequently ruptured during the RS processes. Generally speaking, due to the 
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poor electrical conductivity of the pristine thin films, an electroforming 
process is needed, which is an electrochemical process to generate a number 
of defects such as oxygen vacancies and thus form metallic structures.118 After 
the electroforming process, the films change to the LRS (low resistance state), 
and subsequently change from the LRS back to the HRS (high resistance state) 
due to the Joule heating effect. 
NiO is a p-type binary metal oxide due to the Ni-deficient nature, in which the 
electrical transport is dominated by hole carriers generated by nickel 
vacancies.42 The nickel vacancies are considered to be the inherent defects in 
NiO. On the other hand, oxygen vacancies rather than nickel interstitial are 
formed when NiO is reduced during the electroforming process.119, 120 Hence, 
oxygen vacancies and nickel vacancies co-exist in the electroforming process. 
Under the electroforming voltage, oxygen vacancies and nickel vacancies 
migrate towards the cathode and anode, respectively. These movements of 
oxygen vacancies and nickel vacancies lead to a Ni-sufficient (or O-deficient) 
NiO structures near the cathode. These structures, however, are 
thermodynamically unstable, consequently undergoing phase separation into 
Ni and NiO.42 This phase separation has already been proved by using 
Transmission Electron Microscopy (TEM).121 The separated Ni accumulates 
and grows into the conductive filaments to connect two electrodes and to 
switch NiO into LRS. Figure 2.4 schematically shows the Ni filament growth 
during the resistive switching processes, 𝑉𝑁𝑖
′′  and  𝑉𝑂
∙∙ are the nickel vacancy 
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and oxygen vacancy, respectively. 
                                                                                                                                                                                                                                                                                                       
 
Figure 2.4 Schematic of conductive filaments growth in NiO.42 © 2012 IOP 
Publishing, LTD 
 
As discussed above, the precipitated Ni from the Ni-deficient phase is the 
main component for the conductive filaments in NiO, however, different                                               
argument also exists to propose that, rather than the Ni filaments, the                                                                                                                                       
conductive paths in NiO consist of the ‘Ni-more deficient’ phases which form 
near the cathode due to the migration of oxygen vacancies.122 Both the reset 
and set processes are still similar for the universal descriptions mentioned 
before, thus, these processes of the unipolar RS of NiO do not need to be 
elaborated here. 
Although NiO has been widely used in the application of unipolar RS, the 
bipolar RS has also been reported.52, 93, 122-125 For the bipolar RS, the interface 
phenomena such as defects or oxygen ions migration, electrochemical redox, 
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are considered as the underlying physical mechanism.122-125  
2.1.3.2 TiO2 
TiO2 is typical hypostoichiometric (oxygen deficient) compounds due to the 
point defect formation. There are two different types of dominant defects in 
the TiO2: titanium interstitial
126 and oxygen vacancy.127 The dominant type of 
the defect in TiO2 is related to the thermodynamic conditions, e.g., the 
temperature of the measurement. The dominant defects are most likely oxygen 
vacancies at low temperature whereas the titanium interstitials are at high 
temperature. There exists a certain upper limit in the concentration of the point 
defects in the TiO2 to sustain the origin crystal structure of TiO2, and the upper 
limit of x in TiO2-x is known to be 0.008 at 1000 K, where x is the oxygen 
nonstoichimetry.21 Above this concentration limit, the phase of TiO2 becomes 
unstable and subsequently transforms to another new oxygen-deficient phase. 
According to the phase diagram of Ti-O, a number of stable phases of the Ti-O 
compounds can be found right beside the TiO2 phases. These stable phases are 
called Magnéli phases and represented with chemical formula of TinO2n-1, 
which forms as a result of the clustering and ordering of the oxygen vacancies 
and play a critical role for the RS phenomena of TiO2.
21 22 
At the same time, it is also well known that TiO2 is a typical n-type oxide 
semiconductor, in which oxygen vacancies can be considered as donors. An 
increase of the content of the oxygen vacancies in the TiO2 can increase the 
number of the carriers (delocalized electrons) and thus increasing the 
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conductivity. On the other hand, an increase of the content of the oxygen 
vacancies in the TiO2 can decrease the Schottky barrier height at the metal-
oxide interface,103 resulting in a decrease of the contact resistance. It is 
therefore concluded that the conductivity of the Magnéli phases increases 




Figure 2.5 The upper panels show the schematic of (a) high resistance state 
and (b) low resistance state in top electrode Pt/TiO2-y/TiO2-x/residual filament 
structure. The lower panels show the corresponding band diagrams of the 





Similar to NiO, the resistive switching includes the electroforming, set, and 
reset processes. It is also noted that the electroforming process may not be 
necessary in some cases when the prepared films have good conductivity.20 In 
this case, the electroforming process, through which a large number of defects 
can be generated, can be involved and complemented during the set process. 
The filament type RS mechanism can be used to explain both the bipolar RS 
and unipolar RS with the major difference lying on the reasons for the 
conductive filaments rupture: for unipolar RS, the filaments rupture due to the 
thermal effects such as the Joule heating; while for bipolar RS, the filaments 
break as a result of ionic migration and the ionic migration related 
electrochemical redox.129, 130   
However, the interface effects should not be ignored especially for the bipolar 
RS of TiO2. Figure 2.5 shows the coexistence of the filament-type mechanism 
and the interface-type mechanism.115 A ruptured filament can be divided into 
two parts: 1) filament region, in which composed of Magnéli phases and have 
Ohmic contact with the bottom electrode, will keep intact during the set and 
reset processes; and 2) switching region, which can be subdivided into two 
layers: one is trap layer with larger concentration of the oxygen vacancies and 
the other one is trap-free layer. The processes of the electron trapping and de-
trapping occur in the trap layer and consequently change the whole resistance 
of the filament. There is an asymmetric potential barrier of traps (φasym) 
between the trap layer and trap-free layer. Due to existence of this barrier 
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φasym, the injected electrons can be easily trapped under a negative bias. After 
all the traps are filled with electrons, the current may jump suddenly and the 
film can change into the conductive or ON state. When a positive bias is 
applied, the trapped electrons may escape from the trap layer and finally 
change the film into the non-conductive or OFF state. In addition to this 
electron trapping and detrapping at the interfaces, ionic migration and the 
electrochemical redox at the interfaces can also facilitate the RS. For example, 
the oxidation of the conductive filaments can change the Magnéli phases into 
TiO2 and thus switch the RS cell into the HRS state. During this oxidation 
process, a lot of oxygen vacancies are generated near the filament and tend to 
cluster in the tip of the filament. In this case, an microscopic structure of TE 
(top electrode)/TiO2/TiO2-x/Magnéli phases/BE (bottom electrode) can present 
in the RS cell along the direction of the bias. The Magnéli phases keep intact 
during the bias application, and the generated oxygen vacancies drift between 
the TiO2 and TiO2-x phases depending on the bias polarity. The set (reset) 
process can be achieved when the oxygen vacancies move towards the top 
electrode being applied with the negative (positive) bias.  
2.1.3.3 VO2 
Vanadium oxides (VO2), binary transition metal oxides, have attracted 
significant attentions as a result of its abruptly metal-insulator transition 
around the room temperature as shown in Figure 2.6.131 Taking the reversal 
MIT (that refers to the transition from insulator to metal) as an example, this 
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reversal MIT is associated with a structural phase transition from an insulating 
monoclinic (M1) phase to a metallic tetragonal rutile phase (R).132 In addition 
to the thermal effects which trigger the MIT, other factors such as electrical 
field27, 133, 134 and mechanical stress28, 135 were also reported to trigger this MIT 
in VO2. However, most studies are conducted at macroscale, inevitably 
ignoring some importance information at the nano- to micro-scales. As the 
development of the advanced SPM techniques, many modes can be combined 
together even with other additional equipment such as the heating stage, which 
are especially suitable to study the functional properties of the materials such 
as VO2. Therefore, this work will study the resistance change of VO2 triggered 
by various stimuli by applying different SPM-based techniques. 
 
 
Figure 2.6 Resistance-temperature plot showing thermally triggered phase 




To briefly summarize, the resistive switching of NiO and TiO2 including both 
the unipolar and bipolar RS, mobile ions such as oxygen vacancies are 
involved and play an important role for their RS, indicating that the 
electrochemical phenomena such as the ionic motions, or the surface 
electrochemical reactions may affect the RS of transition metal oxides. When 
performing the SPM studies in the ambient environment, these effects can be 
more significant given that the extremely small radius of the SPM tips and 
thus the large electrical field as well as the effects of moisture in the ambient 
air. In the next section, the preponderance of the electrochemical phenomena 
as well as the SPM based studies on the electrochemical phenomena will be 
summarized. 
2.2 Ionic and electrochemical phenomena 
2.2.1 Preponderance of the electrochemical phenomena 
The electrochemical phenomena at the nanoscale can control the 
functionalities of many functional materials and systems, such as the energy 
storage and conversion,136, 137 fatigue of oxide-based electronic devices,138 and 
electroresistive nonvolatile memories for information storage.1, 139, 140 These 
electrochemical phenomena include the nucleation of new phase in the energy 
storage systems, the pits in corrosion, and the formation and rupture of the 
conductive filament in the electroresistive systems. Understanding the details 
and mechanisms underlying these nanoscale electrochemical phenomena is of 
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great importance for the optimization and development of these functional 
systems. Therefore, probing the electrochemical phenomena at the nanoscale 
is necessary for the research and development of those materials. To date, 
SPMs have emergent as an ideal tool for these studies. 
For the SPMs studies, an electric bias is applied between the SPM tip and the 
bottom electrode, and this generates an electric field across the tip-surface 
junctions. Given that most of the SPM measurements are conducted in the 
ambient air environment, and the applied electrical field is very high due to the 
extremely small radius of the SPM tips, this applied electric bias can readily 
induce surface or subsurface electrochemical processes, such as the charging 
of surface layers, ionic exchange between materials and moisture in the 
ambient air, and solid state electrochemical reactions due to the existing of the 
water layer at the tip-surface junction. The SPM based nanofabrication is a 
good example141-146 in which the conductive SPM tip induces local 
electrochemical processes to complete the materials modification and 
fabrication at the nanoscale. Another example is the electrochemical 
phenomena in the SPM scanning of the ferroelectric films.147 Due to the 
electrochemical effects, some unexpected phenomena are observed. For 
example, the surface topography of the ferroelectric film changes significantly 
when performing SPM scanning in the high-humidity atmosphere. In addition, 
PFM contrast presents on the films that are non-ferroelectric materials or when 
the film thickness of the ferroelectric film is below the critical thickness for 
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the ferroelectric polarization. 
 
 
Figure 2.7 (a) Fiebig-Spaldin diagram showing the interrelationship of the E, 
H, and σ controlling P, M, and ε; (b) Physics of multiferroics can change 
dramatically when mobile ionic species are considered, which adds a new 
dimension to the physics.32 © 2012, American Chemical Society 
 
Furthermore, the continuous miniaturization of the semiconductor devices also 
contributes to the omnipresent electrochemical phenomena. With the explosive 
growth of nanoscience and nanotechnology, the semiconductor devices are 
being rapidly shrunk and the boundary between classical physical and 
electrochemical phenomenon are found to be blurred by the transition to 
nanometer scales due to smaller transport lengths, larger chemical and 
electrostatic potential gradients and higher surface/volume ratios.32 For a 
system with a large number of ionic species, the migration of the ionic species 
may become significant and consequently influence the physical properties of 
the system owing to the larger chemical and electrostatic potential when it is 
scaled down to the nanometer. Hence, an addition chemical degree of freedom 
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is added to the Fiebig-Spaldin diagram148 for the systems with a varying 
number of ionic species (Figure 2.7).32, 149 It is therefore obvious that the 
ionic/electrochemical effects should be considered when applying an electrical 
field to a system with a large number of ionic species. 
For the resistive switching of materials, this ionic/electrochemical effect is 
also significant, and an example of this is the nanoionics-based resistive 
switching memories.13 For these nanoionics-based resistive switching 
memories, the oxidation, drift, reduction of the cations (e.g. Ag+) and anions 
(e.g. oxygen ions) were proposed to modify the electronic conductivity of 
materials. Yet, more experimental evidence is needed to support this proposal. 
2.2.2 SPM based studies on the electrochemical phenomena 
As mentioned before, the ionic and electrochemical phenomena are possibly 
acting during the resistive switching of transition metal oxides. On the other 
hand, resistive switching can be considered as local behavior, for instance, the 
filament-type RS occurs at the filaments with radius of tens of nanometer, 
hence, SPM technique is a good choice to probe those localized RS behavior 
at the micro- to nano-scales. Yet, the application of the SPM technique in the 
RS studies is likely to sharpen the ionic and electrochemical phenomena of 
which the details and mechanisms are still unexplored. Ultimately, a series of 
SPM techniques have been developed and used to explore the local 
electrochemical functionality in energy storage materials and devices,150 this 
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gives good references and foundations for probing the electrochemical 
phenomena while investigating the RS of transition metal oxides. 
2.3 Principles and application of Scanning Probe Microscopy 
techniques  
The development of the Scanning Probe Microscopy (SPM) techniques has 
enabled the probing and manipulation of structure, electrical, magnetic, and 
mechanical functionalities on the nano- to micro-scales. The SPM techniques 
have promoted theoretical and practical developments in those fields.33 In the 
following parts, the operation principles and the applications of the related 
SPM techniques used in this project are presented.  
2.3.1 Atomic Force Microscopy (AFM) 
Atomic Force Microscopy (AFM) is the basic type of SPM with a resolution 
on the order of nanometer. Compared with AFM’s the precursor, the Scanning 
Tunneling Microscopy (STM), AFM can be applied to study the insulating 
materials. Therefore, AFM is the most useful and applicable tool for imaging 
topography, measuring force-distance curve, and manipulating materials at the 
nanoscale for almost all of the materials. 
The AFM consists of a cantilever with a tip at its end that is used to scan and 
image the sample surface. The tip is very sharp with its tip radius on the order 
of nanometer. When the tip is brought into the proximity of a sample surface, 
forces between the tip and the sample become very large due to the tiny 
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contact area, leading to a deflection of the cantilever according to Hooke’s 
law. This deflection and the associated surface topography are then measured 
by detecting the movement of a laser spot reflected from the top surface of the 
cantilever into an array of photodiodes. In order to avoid the damage of the 
sample surface as the tip scanning across, a feedback system is employed to 
adjust the tip-sample distance to maintain a constant force between the tip and 
the sample.  
There are mainly three operation modes in AFM according to the nature of the 
tip motion, i.e., non-contact mode, contact mode, and alternating contact (or 
tapping) mode. In the non-contact mode, the AFM tip does not contact with 
the sample surface and the long-range force acts in this mode. Since non-
contact mode AFM does not induce any tip or sample damage, it is preferable 
to measure soft materials compared with the contact mode AFM. On the other 
hand, in contact mode AFM, the tip is in fully contact with the sample surface 
during scanning, which can provide image at atomic scale with a fast scanning 
rate, but may cause the sample or tip damage.  In the alternating contact mode, 
also called AC mode or intermittent contact mode, the cantilever is driven to 
oscillate near its resonance frequency. When the tip is closer to the sample 
surface, the interaction force between the tip and the surface can cause the 
amplitude of the oscillation to decrease. In order to keep the amplitude 
constant, the feedback loop can retract the Z piezo when the tip is closer to the 
surface while extend the Z piezo when the tip is farther from the sample 
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surface. In this project, the AC mode and Contact mode AFMs are used to 
obtain the surface topographic images. 
2.3.2 Conductive Atomic Force Microscopy (c-AFM) 
Conductive Atomic Force Microscopy (c-AFM) is a variation of the AFM 
mode, in which a conductive tip scans the sample surface in the contact mode. 
During the measurement, the electrical current can be generated and measured 
between the tip and sample surface if a voltage is applied between them, and 
the collected results are used to construct the current profile across the sample 
surface. During the c-AFM measurements, current and topography profiles of 
sample surface can be obtained simultaneously; therefore, it is possible to 
correlate a spatial feature on the sample surface with its conductivity. 
The c-AFM can be operated in two modes, i.e., the imaging mode and 
spectroscopic mode. In the imaging mode, a current image as well as a 
topographic image can be obtained from the same scanning area. In the 
spectroscopic mode, the tip is moved to a specific location of the sample 
surface, and the applied voltage is being swept. A local current versus voltage 
(I-V) curve is obtained and can be related to the local electrical characteristics 
of the sample surface. 
Conductive AFM (c-AFM) is widely used to study the RS phenomena. Up to 
now, there are three c-AFM based methods being used to study the RS 
phenomena. The first method is to employ the c-AFM to scan the insulating 
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layer of the MIM RS cell. This MIM RS cell has been pre-written or poled 
into the HRS or the LRS at the device level and the metal electrodes are 
etched off. Through this methodology, the surface topography and local 
conductivity of the insulating layer at different resistance states such as HRS 
and LRS can be observed, allowing statistical analysis of the conductive spots 
(or filaments) in both HRS and LRS. For example, Choi17 has used this 
methodology to reveal that TiO2 films at LRS showed a larger amount and size 
of the conductive spots than those at HRS. In another study, Son24 has 
employed this approach to discover that NiO at LRS contained more leaky 
sites than that at HRS, and the conductive spots tended to locate at the grain 
boundaries. Even though c-AFM has these successful applications in RS 
studies, this method has its own intrinsic drawbacks, for example, it is not 
possible to analyze the electrical properties of a single conductive filament due 
to the challenges to mark the conductive filaments using the AFM based 
technique.  
The second method is to write the insulating layer into the HRS or the LRS 
when the c-AFM tip directly scans on the surface, allowing the in-situ 
observation of the conductive spots at different states and enabling the 
investigation of the electrical properties of single conductive element. The first 
attempt of this method was done by Waser’s group, through which the RS 
behavior was reported in single dislocation of SrTiO3 films.
53 One significant 
limitation of this method is that the voltage that can be applied for most 
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commercial c-AFMs has a small range, usually -10 V to 10 V. Voltages within 
this range may not be sufficient to electroform and change the resistance of the 
insulating layer. Therefore, this method is more suitable for materials with low 
forming voltages such as NiO.
23
 
The third method is to locate the c-AFM tip at the spots of interest, then apply 
voltages with a custom waveform and collect the currents passing between the 
sample and the c-AFM tip. This method allows obtaining the I-V curves at 
specific locations. Furthermore, maps of the resistive switching parameters 
such as the set voltage, the reset voltage, and the maximum current can be 
obtained at that particular spot, or alternatively, if this method is applied on a 
(n × n) grid over a selected area.  
The selection of the suitable methodology depends on the sample and the 
behavior to be studied. In this project, the second and third methods are used, 
as this work is mainly focused on localized material properties and not on the 
device level properties. 
2.3.3 Electrochemical Strain Microscopy (ESM) 
Electrochemical strain microscopy (ESM) is a newly-developed SPM 
technique, which is used to study the local electrochemical phenomena such as 
the surface deformation induced by the electrochemical reactions, the ionic 
mobility and distribution, electrochemical activity in various materials, such as 




Figure 2.8 The accumulation of (a) positive and (b) negative species under the 
negative and positive tip bias, respectively; (c) the spectrum possible 
electrochemical and ionic phenomenon as a function of bias and temperature 
that can be explore by ESM.149 © 2012 Materials Research Society 
 
In the ESM measurements, a bias is applied through a conductive SPM tip to 
concentrate an electric field in a nanoscale volume of material below the tip, 
leading to the interfacial electrochemical reactions and ionic motions in the 
surrounding of the contact junction. Figures 2.8(a-b) illustrates the bias-
induced ionic motions and redistribution, showing that there is respective 
accumulation of positive or negative ions (species) in the vicinity of the tip 
after the application of the negative or positive bias from the tip. There exists 
an intrinsic link between the concentration of ionic species and/or the 
oxidation states of the host cation and the molar volume of the material. Thus, 
the changes of ionic concentration can lead to the change of the molar volume 
of the material, and further the changes of the molar volume can result in the 
localized surface deformation (defined as electrochemical strain in the 
literature) which can be detected by the tip so that the electrochemical 
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phenomena in the ionic mediated materials can be studied. The operation 
principle of ESM is quite similar to that of the well-known Piezoresponse 
Force Microscopy (PFM).151 However, the mechanisms of bias-induced 
deformation are very different. As shown in the Figure 2.8(c), there is a broad 
spectrum of possible ionic and electrochemical phenomena such as the ionic 
transport and the electrochemical reaction at the high temperature and voltage, 
indicative of a broad applicability of the ESM technique to many ionic and 
mixed ionic-electronic materials.  
There are mainly two modes of ESM, that is, the imaging mode and the 
spectroscopic mode. For the imaging mode, a high-frequency periodic voltage 
Vac is applied to the ESM tip to detect the surface displacement resulting from 
the local redistribution of ions or due to the localized electrochemical 
reactions. Owing to its high spatial resolution, the imaging ESM has been used 
to investigate the Li ion diffusion in both anode and cathode,34, 36, 37, 152, 153 
through which the images of the topography, resonant amplitude, resonant 
frequency, and Q factor can be obtained. Among these images, the resonant 
amplitude is the measure of the electrochemical strains (or the surface 
displacement) generated in materials in response to the high-frequency bias; 
the resonant frequency represents the mechanical properties of the tip-surface 
junction; the Q-factor is the measure of dissipation at the tip-surface junction 
and the cantilever.153 For the spectroscopic mode, ESM is applied in the time 
or voltage spectroscopic mode to measure the time or the voltage dependence 
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responses of the ionic dynamics, allowing the mapping of the diffusion 
times,152, 153 the electrochemical activity,35, 154  and the relaxation35, 155 on the 
sample surface.   
Figure 2.9 is an example of using the voltage spectroscopic ESM to measure 
the diffusion time of Li ions. During the voltage spectroscopic ESM, the drive 
signal is applied as a low frequency triangular waveform modulated by a 
square-pulse [Figure 2.9(a)]. After each voltage pulse (off-state), the surface 
displacement is measured. This displacement represents the change of the ions 
concentration induced by this pulse. Figures 2.9(b) and 2.9(c) show the 
amplitude and phase of the induced surface displacement. By integrating the 
area under the resonance amplitude peak after each bias pulse, the hysteresis 
of the ESM response with the bias can be obtained. Hysteresis is observed 
because the voltage sweep frequency is close to the inverse characteristic 
diffusion time for lithium in the probed volume. Therefore, it is possible to 
determine the ion diffusion time by identifying the voltage sweep frequency at 
which the hysteresis can be observed.  
With the spectroscopy ESM, the presence of the hysteresis at a predefined 
frequency can be used as an indication of the ionic dynamic, and the shape and 
the area of the hysteresis loop are dependent of the bias window (the peak 
voltage of each triangular waveform). This can be understood from the 
dependence of the local electrochemical phenomena on the applied bias. The 
applied bias induces series of electrochemical phenomena, such as ionic 
 38 
 
motion, local reversible and irreversible electrochemical processes.156 
Depending on the nature of the materials and the applied bias, these 
electrochemical processes can be classified as follows: 1) reversible, where no 
hysteresis is observed, indicating a rapid process, e.g., the electron transport; 
2) hysteretic, where hysteresis loops are observed, corresponding to a slow 
process, e.g., the ionic movement, or the electrochemical reaction; and 3) 
irreversible, where surface deformation can be observed or the hysteresis 
loops are not stationary.157 
 
 
Figure 2.9 Local probing of lithium diffusion times by varying pulse 
frequency and amplitude: (a) Applied waveform, consisting of 2-ms-long 
voltage pulses of increasing and decreasing amplitudes. The ESM signal is 
measured after each voltage pulse. (b) The displacement amplitude and (c) 
phase as a function of time and frequency. (d) Surface displacement amplitude 





In order to amplify the weak surface displacement and improve the signal-to-
noise level, the band excitation (BE)158 and the dual AC resonance tracking 
(DART)159, 160 techniques are often used during the ESM measurement, 
denoted as BE-ESM and DART-ESM, respectively. For the BE-ESM 
measurement, the ESM tip is excited by a signal spanning a pre-defined 
frequency band of which the contact resonance frequency is roughly located in 
the middle of the band, allowing a better track of the contact resonance. For 
the DART technique, the sample surface is scanned at two drive frequencies 
that are located at two sides of the contact resonance, both techniques can 
track the contact resonance much better, enable the signal amplification at the 
cantilever resonance, and the elimination of the topographic cross-talk. 
2.3.4 Kelvin Probe Force Microscopy (KPFM) 
Kelvin Probe Force Microscopy (KPFM), a non-contact variant of SPM, is 
used to measure the local contact potential difference (CPD) between a 
conducting SPM tip and the sample surface, thereby mapping the work 
function or surface potential of the sample at atomic or molecular scales 
(usually in vacuum environment) or nano- to micro-scale (in the ambient 
conditions). 
The KPFM measures CPD between a conducting SPM tip (usually a Pt coated 
Si tip) and a sample surface. The CPD between the tip and sample surface is 






                                                     (2.1) 
where ∅𝑠𝑎𝑚𝑝𝑙𝑒  and ∅𝑡𝑖𝑝  are the work functions of the sample and tip, 
respectively, and e is the electronic charge. 
 
 
Figure 2.10 Electronic energy levels of the sample and AFM tip for three 
cases: tip and sample are (a) separated; (b) electrically connected; and (c) 
applied with an external bias to nullify the CPD.161 © 2010 Elsevier B.V. 
 
Figure 2.10 shows the energy level diagram of the tip and sample surface with 
different work functions.161 Figure 2.10(a) shows the energy level of the tip 
and sample surface when they are separated. When the tip and sample surface 
are electrically connected, the Fermi levels will align through electron current 
flow, the tip and sample will be charged, and VCPD will form [Figure 2.10(b)]. 
An electrical force acts on the contact area due to the present of the VCPD; this 
force can be nullified when an external bias (VDC) is applied with the same 
amplitude but opposite direction with VCPD [Figure 2.10(c)]. The work 
function of the sample can be calculated if the work function of the tip is 
known and the VCPD (or VDC) is measured. 
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During the KPFM measurement, an AC voltage and a DC voltage (VDC) are 
applied to the SPM tip. The VAC generates oscillating electrical forces between 
the SPM tip and sample surface, and VDC nullifies the oscillating electrical 
forces that originate from the CPD between tip and sample surface. The 







                                                       (2.2) 
where z is the direction normal to the sample surface; C is the capacitance 
between the probe and the sample; ΔV is the potential difference between 
VCPD and the voltage applies to the tip, Vtip.  
∆𝑉 = 𝑉𝑡𝑖𝑝 ± 𝑉𝐶𝑃𝐷 = (𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶 sin(𝜔𝑡)    (2.3) 
When the bias VDC is applied on the sample, ΔV=Vtip+VCPD, and if bias is 
applied on the tip, ΔV=Vtip-VCPD. The electrostatic force applied on the tip can 






[(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶 sin(𝜔𝑡)]
2    (2.4) 



















2[cos(2𝜔𝑡) − 1]                             (2.7) 
In above equations, FDC results in a static deflection of the tip. 𝐹𝜔 is used to 
measure the VCPD, and 𝐹2𝜔  can be used for measuring capacitance. The 
measurement of the VCPD by KPFM can be conducted in both AM (Amplitude 
Modulation) and FM (Frequency Modulation) mode. 𝐹𝜔 can be measured from 
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the amplitude of the cantilever oscillation at frequency 𝜔 induced by VCPD and 
VAC, and VCPD can be determined through applying VDC to nullify the 
measured amplitude. 
KPFM has been used in the field of the resistive switching. For example, 
mapping the work function or the surface potential by KPFM across TiO2 
films prewritten with different biases could reveal the effect of the charge 
injection to the resistive switching of TiO2.
20 The surface potential drop 
detected by KPFM across the grain boundary of CaCu3Ti4O12 confirmed the 
existence of an electrostatic barrier at the grain boundary, and was contributed 
to the strong non-linear current-voltage behavior in this perovskite-type 
oxide.162 In addition, the change of the local surface work function was also 
used to reveal the phase transition behavior of VO2 thin films.
163
 
2.3.5 First order reversal curve (FORC) method 
As mentioned in the Section 2.3.3, the shape and area of the hysteresis loops 
obtained at a predefined resonance frequency are dependent on the bias 
window, which can be used as an indicator of the electrochemical processes 
induced by the applied bias. However, due to this bias-window dependence of 
the hysteresis loop shape, it is not easy to predict the electrochemical 






Figure 2.11 (a) Bias scheme for obtained first order reversal curves with 
increasing bias window; (b) amplitude spectrogram and (c) phase spectrogram 
obtained at a single pixel; (d) ESM response with increasing voltage step; (e) 
first-order reversal curve hysteresis loops series; and (f) loop opening vs. bias 
window.157 © 2013 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
 
To avoid this limitation and to gain insight into full spectrum of the 
electrochemical processes under the ESM tip, ESM can be implemented 
together with the first order reversal curve (FORC) method, denoted as FORC-
ESM. In the FORC-ESM measurement, an envelope of bias consisting of 
triangular waveform with increasing the bias window [Figure 2.11(a)] is 
applied on the ESM tip, and the ESM responses are recorded and plotted as 
function of the bias window [Figures 2.11(b) and 2.11(c)], showing the 
hysteresis loops as a function of the increased biases [Figure 2.11(d)]. If 
plotting the loop areas as a function of the bias window [Figure 2.11(e)], 
dynamics of the electrochemical processes under the ESM tip can be obtained. 
Furthermore, the FORC-ESM allows multiple hysteresis loops with increasing 
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bias window to be collected at each spatial location, facilitating the in-situ 
investigation of the evolution of electrochemical processes as the bias window 
increases. 
Similarly, during the c-AFM measurements, this FORC principle can be 
applied in the I-V curve measurements to probe the ionic dynamics and the 
effects to the conductivity of the materials, denoted as FORC-IV. The basic 
concept of the FORC-IV is similar to that of the FORC-ESM. An envelope of 
the triangular waveform with the increasing bias window, either as the 
unipolar bias [Figure 2.12(b)] or the bipolar bias, is applied, and the current 
through the tip-sample is collected, obtaining multiple I-V curves with the 
increasing bias window [Figure 2.12(a)]. According to the shape and the area 
of the FORC-IV curves, the onset of the reactions involving ionic species and 
the diffusion kinetics of ions can be identified [Figure 2.12(c)]. 
The physical mechanisms underlying the relationship between the I-V loops 
and the ionic dynamics can be understood by considering the electrochemical 
phenomena induced by the c-AFM tip. A variety of electronic, ionic, and 
electrochemical processes can be activated as the bias changes. At low bias 
window, the bias only results in the electronic current through the tip-sample, 
or rapid and fully reversible electrochemical changes, without changing the 
chemical state of the materials under the SPM tip. In this case, the I-V curve is 






Figure 2.12 The principle of the FORC-IV method for mapping of local 
electrochemical reactivity: (a) I-V curves taken as a response to unipolar 
voltage waveform shown in (b); (c) I-V curves loop areas plotted vs peak 
biases of each waveform tooth (Vp); and (d) a unipolar voltage waveform can 
be supplemented with a preset or trigger-activated ‘erase’ pulse at the end.164 
© 2013 American Chemical Society 
 
With the increases of the bias, the current can induce changes in the chemical 
or physical state of the materials, such as the ionic movements, surface 
electrochemical reactions, and phase transition. These processes are slow and 
kinetically and thermodynamically hysteretic, resulting in the hysteretic I-V 
curves (loops) due to their intrinsic link to materials’ conductivity [the blue 
and green loops in Figure 2.12(a)]. The FORC-IV hysteresis loops stem from 
the conductivity changes inherently linked to the ionic movements. Thus, 
FORC-IV is truly a powerful tool to probe the local ionic dynamics, especially 
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during the resistive switching processes. 
2.4 Summary  
This chapter was delved into a detailed background about the resistive 
switching of transition metal oxides, including their definition, classification, 
and mechanisms. Research gaps have been identified through the literature 
review: i.e., the unclear processes of resistive switching at nano- to micro-
scales, the characteristics and the effects of the universal electrochemical 
phenomena to the resistive switching of transition metal oxides need to be 
studied. In addition, three presentative types of transition metal oxides 
including NiO, TiO2, and VO2, and their structure and resistive switching 
properties have been summarized. Finally, the SPM techniques to be used in 
this project have also been discussed. The related SPM characterization results 
of the resistive switching properties of NiO, TiO2 and VO2 will be presented 

















Materials and SPM Characterizations 
This chapter describes the sample preparation and characterization methods in 
two sections. The first section will present the parameters of PLD (pulsed laser 
deposition) method which are used to deposit thin film samples of the three 
types of transition metal oxides. The second section will describe the 
parameters and set-ups of the various SPM techniques which are employed to 
characterize the multifunctional properties of thin film oxide samples in this 
project. 
3.1 Materials 
3.1.1 Preparation of the thin film samples 
Three binary transition metal oxides samples, namely, nickel oxide (NiO), 
titanium oxide (TiO2), and vanadium oxide (VO2), in the form of the thin films 
were selected in this study. These are MO and MO2 types of oxide materials. 
The thin film samples were prepared by the pulsed laser deposition (PLD) 
method with the laser frequency and the laser energy being 20 Hz and 300 mJ, 
respectively. Table 3.1 summarizes the deposition parameters for the three 
oxides used in this study. It is noted that by adjusting the oxygen partial 
pressure during the PLD process, the concentration of the oxygen vacancies 
can be modulated. In addition, the thickness of the thin film samples can be 
controlled by adjusting the duration during the deposition. Generally speaking, 
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samples deposited under a high oxygen partial pressure will have a low 
concentration of oxygen vacancies, and samples that undergo long deposition 
duration will have a large film thickness. According to the deposition rate, the 
film thickness can be estimated. 
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3.1.2 Configuration of the resistive switching cells 
A resistive switching cell usually has a MIT structure consisting of an 
insulating (or semiconducting) layer (‘I’) of transition metal oxide sandwiched 
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by two metal electrodes (‘M’). This MIT structure can be configured in two 
different approaches: one approach is placing two metal electrodes at the top 
and the bottom of the oxide layer; the other one is putting two metal electrodes 
on the surface of the oxide layer. Vertical resistive switching cells and lateral 
resistive switching cells can therefore be obtained by these two configuration 
methods, respectively [Figure 3.1]. 
 
 
Figure 3.1 (a) Vertical resistive switching cell; and (b) Lateral resistive 
switching cell 
 
In this study, thin films of NiO, TiO2, and VO2, deposited on the Pt/SiO2/Si 
substrate, were vertically configured to assemble vertical resistive switching 
cells with the Pt-coated substrate and the Pt-coated SPM tip as two metal 
electrodes [Figure 3.1(a)]. TiO2 thin films deposited on the glass were used to 
assemble lateral resistive switching cells in which the Ag layer deposited on 
the edge of the film surface and the Pt-coated SPM tip were used as the metal 
electrodes [Figure 3.1(b)]. It should be noted that, during the SPM 
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measurements of the lateral resistive switching cells, the distance between two 
metal electrodes were almost kept as a constant in order to minimize the effect 
of this distance on the resistance of the resistive switching cells. 
3.2 SPM characterization 
In this study, Scanning Probe Microscopy (SPM) techniques are the main tools 
for characterizing the resistive switching properties as well as the 
ionic/electrochemical phenomena during the resistive switching processes. 
The operation principles of various SPM have been described in the Chapter 2, 
therefore, only the relevant information about the SPM modes used in this 
study and the SPM parameters are presented here. In addition, other methods 
for general film characterization are also presented in this section. 
3.2.1 General SPM setup  
All SPM measurements were conducted on a commercial system (MPF-3D, 
Asylum Research, USA) equipped with a commercial software platform 
(IGOR PRO 6.22 A and SPM control software MFP-3D 13.04.77). For the 
SPM studies on the films of NiO and TiO2, conductive Pt-coated Si tips 
(AC240TM, Olympus, Japan, with the spring constant of 2 N/m and the tip 
radius of 15 nm). For the SPM study on the films of VO2, PtSi-coated Si tips 
(Pt-Si-FM-20, Nanosensors, with the spring constant of 0.5~9.5 N/m) are 
selected due to their wear resistance especially at high temperature. To 
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accurately determine the spring constant of the cantilever used in the 
measurements, the thermal calculation was performed on every cantilever 
before the SPM measurements. 
3.2.2 Topography characterization 
Atomic Force Microscopy (AFM) is mainly used to obtain the surface 
topography images. In order to assure a high resolution and simultaneously 
preserve both the sample and the tip, AFM was operated in the AC mode 
(alternating contact or tapping mode) with the resonance frequency of the free 
cantilever being approximately 70 kHz. The scan rate varied between 0.5~1.0 
Hz depending on the scan size. Other parameters were also adjusted to 
optimize the image quality. 
In addition to AFM images, the height and deflection images can be 
simultaneously obtained by other SPM techniques. For example, the ESM 
scanning can also provide the topography image with a small sacrifice of the 
resolution.  
3.2.3 Resistive switching behavior and conductivity characterization 
Resistive switching properties or the conductivity variations of transition 
metal oxides were one of the main focuses in this study. For this purpose, 
resistive switching cells were configured as described in the Section 3.1.2. The 
conductive Atomic Force Microscopy (c-AFM) measurements were conducted 
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by using a commercial conductive module of SPM (ORCATM, Asylum 
Research, CA, USA). The c-AFM measurements, operated in the contact 
mode with the conductive SPM tips keeping contact with the sample surface, 
were aimed to measure the current passing through the SPM tip and the 
bottom metal electrode of the resistive switching cell. Note that during the c-
AFM measurements, the bias (voltage) was applied on the bottom electrode 
and the c-AFM tip was ground. The bottom electrode is the Pt-coated substrate 
for the vertical resistive switching cell, and is the Ag electrode deposition for 
the lateral resistive switching cell.  
In addition, two modes of the c-AFM measurements, namely, the imaging 
mode and the voltage spectroscopic mode, were conducted. For the imaging 
mode, the sample surface was scanned with the bias of certain level, through 
which a current image can be obtained to show the conductivity contrast over 
the sample surface. For the voltage spectroscopic mode, a customized bias 
waveform was applied and the current as a function of the applied bias 
waveform was recorded as the I-V curves of the resistive switching cell. 
Generally, the voltage spectroscopic c-AFM measurements were conducted 
over a (n × n) grid to extract the I-V curves. Detailed parameter settings will 
be discussed with the results in the Chapters 4-7.  
3.2.4 Ionic/electrochemical phenomena characterization 
As another important aspect of this study, the characterization of 
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ionic/electrochemical phenomena was conducted by using Electrochemical 
Strain Microscopy (ESM), a newly developed SPM technique.  In order to 
minimize the topographic cross-talk and enhance the signal-to-noise ratio, the 
dual AC resonance tracking (DART) technique was used in the ESM 
measurements, i.e., DART-ESM. In this study, this technique was used in a 
contact mode with the ESM tip being oscillated by an ac bias of 1~2 V 
depending on the materials at a contact resonance frequency of ~220 kHz. 
Given that its high frequency and low amplitude, the ac bias is believed to 
have limited influence on the ionic processes underneath the ESM tip.165  
Two modes of the DART-ESM including the imaging mode and voltage 
spectroscopic mode were used. Before the DART-ESM imaging, a dc bias was 
applied on a (n×n) grid over the sample surface to active the ionic distribution 
and even the possible electrochemical reaction which could then be detected 
by the subsequent DART-ESM imaging. For the voltage spectroscopic DART-
ESM, the response was measured as a function of the slowly changing bias 
waveform (~ 0.1 Hz) which was used when measuring the resistive switching 
behavior of the oxides.  
In addition, the voltage spectroscopic DART-ESM and the voltage 
spectroscopic c-AFM were conducted by using the first order reversal curve 
(FORC) method, i.e., FORC-ESM and FORC-IV. Through the FORC-ESM 
and FORC-IV measurements, the ESM responses and the I-V curves were 
measured as a function of a series of amplitude-modulated triangular wave 
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form, providing information about the evolution of the ionic/electrochemical 
processes as the bias amplitude increase.  
3.2.5 Surface potential characterization 
The potential difference between the SPM tip and sample surface was of great 
importance for the ionic/electrochemical process underneath the SPM tip, 
which can be determined from the surface potential mapping by using Kelvin 
Probe Force Microscopy (KPFM). KPFM measurements were conducted in 
the region which was previously biased with a dc voltage to track the surface 
potential change induced by the dc voltage.  
3.2.6 Environment control 
Environment control was valuable for the studies on the environment 
dependence of the resistive switching behavior and the ionic/electrochemical 
phenomena of transition metal oxides. In this study, a closed electrical cell 
combined with different gases was used to implement the environment 
control. As shown in Figure 3.1.2, the closed electrical cell consists of two 
parts-the bottom and the top. During the experiments, the top and bottom parts 
are connected, for example, by a double-side tape to form a closed cell. 
Through the openings around the cell (marked as number 1-4, usually, two of 
them are blocked ), the required gas such as Argon or synthetic air can be 




Figure 3.2 The Figure of the closed electrical cell: (right) the bottom part; and 
(left) the top part 
 
Specifically, two types of gases, i.e., synthetic air (21% oxygen and 79% 
nitrogen, water content < 5 ppm), and Argon gas (Ar, with purity of 
99.9999%, water content < 0.02 ppm, and oxygen content <0.01 ppm) were 
introduced into the cell in which the samples were placed, and hence the SPM 
measurements were conducted in the cell with slow-flowing gases. Note that 
for the purpose of eliminating the influence of the ambient air, the gas had to 
flow at least two hours before each SPM measurement and continue flowing at 
a low velocity during the SPM measurement. 
3.2.7 Temperature control 
A heating stage (PolyHeater, Asylum Research, CA USA) was employed to 
combine with the c-AFM to measure the conductivity variations as the 
temperature changes. A piece of mica was inserted between the heating stage 
and the sample in case of grounding the biased sample.  The temperature was 
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elevated at a rate of 50°C/min from room temperature to 80°C in a step of 
10°C. After reaching the target temperature confirmed by an infrared 
thermometer, the heating stage was kept at the temperature for at least 10 mins 
to ensure the thermal stability and uniformity. The c-AFM measurements were 
then conducted.  
3.2.8 X-ray diffraction 
An X-ray diffraction (XRD) equipment (Model XRD-7000, Shimadzu 
Corporation, Kyoto, Japan) with Cu Kα radiation (λ = 1.5418 Å) was used to 
measure the crystal structure of the prepared thin films. As the thin film 
thickness was quite small compared with that of the substrate, the peaks 
corresponding to the thin film was usually weak. The XRD results are 
presented in the Appendix of this thesis. 
3.2.9 Microindentation test to induce residual stress field in VO2 
In order to study the effect of the mechanical stress on the conductivity of the 
VO2, microindentations were made on the sample surface by a microhardness 
tester (Shimadze HMV-2) with different loads. For this test, the indentation 
forces were selected as 0.98 N and 1.96 N with a loading duration of 15 
seconds. After the microindentation, the conductivity variation around 















Characterizing resistive switching and electrochemical 
phenomena of NiO thin films 
In this chapter, the ionic and electrochemical effects on the resistive switching 
behavior of NiO thin films are studied using advanced scanning probe 
microscopy techniques including Electrochemical Strain Microscopy (ESM) 
and conductive Atomic Force Microscopy (c-AFM). The ionic and 
electrochemical effects upon applying electrical fields are demonstrated by 
ESM to be ambient-environmentally dependent and controlled. The resistive 
switching behavior of NiO thin films is measured using c-AFM. Combining 
ESM, c-AFM, c-AFM in the first-order reversal curves method (denoted as 
FORC-IV), as well as the electrical closed cell for the environment control, 
this study has investigated the correlation between the ionic/electrochemical 
processes and resistive switching. In addition, the effects of the concentration 
of oxygen ions and the film thickness on the resistive switching behavior have 
been also investigated.  
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4.1 Observation of the bias-induced deformation processes in NiO 
thin films  
4.1.1 ESM imaging of the pristine and biased NiO thin film 
As described in the Chapter 2, Electrochemical Strain Microscopy (ESM) is 
newly developed to probe the local electrochemical phenomena, which is 
based on the detection of the surface deformation caused by the local 
electrochemical phenomena. The local electrochemical strain is originated 
from the change of the molar volume of materials due to the redistribution of 
mobile ions and possible electrochemical reactions activated by the ESM tip. 
The operation principle of ESM is similar to that of piezoelectric force 
microscopy (PFM) with the major difference of the bias-deformation coupling 
mechanism. The mechanism for PFM is the bias induced piezoelectric 
responses and it is the bias induced ionic redistribution or/and electrochemical 
reactions for ESM.
152
 Due to the similarity between ESM and PFM, it should 
be very careful to distinguish these different mechanisms when analyzing the 
data of ESM and PFM.  
There are two ESM modes being utilized in this study, i.e., the imaging mode 
and the voltage spectroscopic mode. For the imaging mode, five types of 
images, namely, images of height, amplitude, phase, Q-factor, and frequency, 
can be obtained. Those images provide information on topography, 
electrochemical activity, and mechanical properties of the materials under the 
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external field. For the voltage spectroscopic mode, the response is measured as 
a function of slowly (~0.1 Hz) changing voltage waveform to demonstrate the 
bias-induced ionic processes.  
 
 
Figure 4.1 The ESM images of NiO after applying a 6V dc bias on an 8 × 8 
grid over 3 μm × 3 μm area in air environment: (a) surface topography; (b) 
resonance amplitude; (c) line section profile in amplitude; (d) resonance phase; 
(e) resonance Q-factor; and (f) resonance frequency. 
 
Figure 4.1 shows the results obtained by the ESM imaging mode. Before the 
ESM imaging, a dc bias of 6 V is applied by the ESM tip (Pt coated Si tip) on 
an 8×8 grid over a 3×3μm2. Through this grid writing pattern, the bias-
written and the pristine sample surface can be observed simultaneously. Figure 
4.1(a) shows a high-resolution topographic image of the NiO thin films after 
the dc writing. No topographic variations between the bias-written points and 
the pristine area are observed. In addition, the homogeneity across the surface 
of the NiO thin films is also illustrated in Figure 4.1(a). Figure 4.1(b) is the 
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ESM amplitude at the resonance frequency. The bias-induced ESM amplitude 
variations are clearly seen from Figure 4.1(b) and the line profile of Figure 
4.1(c), demonstrating that the applied dc bias (6 V) has increased amplitude 
and the molar volume of material underneath the biased ESM tip. The range of 
the bias-induced phase contrast [seen in Figure 4.1(d)] is around 70°, which is 
significantly different from the common value of 180° for typical piezo-/ferro-
electrical materials. Figure 4.1(e) and Figure 4.1(f) show the bias-induced Q 
factor and frequency contrasts, revealing the change of the mechanical 
dissipative properties and local elastic properties, respectively.
166
 Those results 
demonstrate that the bias can introduce significant deformation in NiO, in 
which is very different from the bias-induced deformation in common piezo-
/ferro-electrical materials. Another observation needs to be noted is that 
deformation area under bias is larger than the contact area by SPM tip. These 
phenomena will be discussed in later sections. 
4.1.2 Voltage spectroscopic ESM measurements on NiO thin films 
The voltage spectroscopic ESM measurements are also conducted in NiO to 
unveil the ESM responses to a slowly changing (low frequency) bias below 
the tip. Figure 4.2(a) shows the slowly changing bias waveform. This bias 
waveform consists of a set of pulses (~25 ms) amplitude-modulated by a 
slowly changing triangular waveform. An ac bias is still active during and 
after each dc bias pulse to detect the ESM responses, denoted as the bias-on 
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and bias-off ESM responses, respectively. In order to obviate the electrostatic 
tip-surface force effects, the bias-off ESM responses are mainly discussed in 
this work. These bias-off ESM responses including the ESM amplitude, the 
ESM phase, and the calculated ESM responses are illustrated in Figures 
4.2(b)-4.2(d), showing a hysteretic response but different from the common 
hysteretic loops of the piezo-/ferro-electric materials.  
 
 
Figure 4.2 (a) The bias waveform in the spectroscopic ESM measurement; 
After each voltage pulse, an ac bias is still active to detect the evolution of the 
electrochemical strains; The spectroscopic ESM measurement results: (b) 
amplitude (A); (c) phase (𝜑); and (d) the calculated ESM responses, R, using 
equation of 𝑅 = 𝐴 ∗ 𝑐𝑜𝑠(𝜑)). 
 
The strong ESM responses may originate from many possibilities, such as the 
piezoelectricity, the deformation potential effects, the flexo-electric effects, 





 NiO is cubic structure and hence can basically exclude the 
piezoelectric and ferroelectric effects. The non-180° phase angle for the 
deformation [Figure 4.1(d)] and the different shape of the hysteresis loop 
[Figure 4.2(d)] can also confirm this observation. The deformation potential 
and flexo-electric effects describe the fast response of the ionic sub-system to 
the changes in the local electrochemical potential and field gradients, 
respectively, which can be responsible for the high frequency ESM 
responses.
170
 With a high frequency ac bias (~ 220 kHz) applied on the ESM 
tip, the ESM imaging mode is to detect the high frequency ESM responses. 
However, the clear ESM responses to the low frequency bias (the hysteresis 
loops in Figure 4.2) rule out the effects of deformation potential and the flexo-
electric.  
According to the mechanism of the hysteretic loop formation proposed by 
Kumar,
35
 the observed hysteretic responses can be attributed to the 
electrochemical reactions or the ionic dynamics. Therefore, the deformation of 
NiO in the ESM imaging mode (Figure 4.1) and the responses in the voltage 
spectroscopic mode (Figure 4.2) strongly indicate the presence of the ionic 
phenomena upon the application of a dc bias, such as the ionic diffusion, or 
the electrochemical reactions. In another word, the electrical field can activate 
the ions movement and/or the electrochemical reactions of the NiO thin films. 
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4.2 The environment dependence of the bias-induced ionic and 
electrochemical processes of NiO 




Figure 4.3 The ESM images of NiO after applying a 6 V dc bias on an 8 × 8 
grid over 3 μm × 3 μm area in (a)-(e) Argon and (f)-(j) the synthetic air. 
 
In order to gain a detailed insight into the ionic processes of NiO triggered by 
an electric field, similar experiments as those in Figure 4.1 are conducted in an 
electrical closed cell which can be filled with the Argon gas or the synthetic 
air to control the atmospheric environments during the testing. Figure 4.3 
shows the ESM responses after the application of the 6 V dc bias in the Argon 
and the moisture-free air (the synthetic air). The ESM responses in the 
controlled environments are quite different: almost no bias-induced ESM 
responses can be detected in the Argon gas while only weak responses can be 
observed in the synthetic air. Furthermore, the amplitude image [Figure 4.3(g)] 
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shows the amplitude decrease in the synthetic air, which is different from that 
in the ambient air condition. These results indicate that the bias-induced ionic 
processes of NiO are dependent on the ambient environment. 
 
 
Figure 4.4 The ESM amplitude loops in various gas environments. 
 
This atmospheric environment dependence of the ionic and electrochemical 
phenomena can be also found in the hysteresis loops shown in Figure 4.4. The 
loop is almost close in the Argon gas, and the loop shapes in the ambient air 
are clearly different from that in the synthetic air. The amplitude in the 
ambient air is clearly larger than that in the synthetic air. 
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4.2.2 Interpretation of the environment dependence of the ionic and 
electrochemical processes 
To interpret the dependence of the ionic processes on the ambient environment, 
we have to first discuss the material itself-NiO. NiO is a transition metal oxide 
with the Ni-deficient nature, suggesting that the electrical transport of NiO is 
dominated by the carriers of the holes. The generation of the holes commonly 
accompanies the formation of the nickel vacancies,
122
 indicating that the 
concentration of the nickel vacancies is associated with the conductivity of 
NiO. As the nickel vacancies are reported to be less mobile than the oxygen 
vacancies,
52, 171, 172
 the migration of oxygen ions (or the oxygen vacancies) are 
responsible for the variation of the nickel vacancies (the hole carriers) and thus 
the conductivity change of NiO.
172
 When a positive dc bias is applied on the 
sample surface through the ESM tip, oxygen ions drift towards the ESM tip, 
decreasing the molar volume of materials and thus the ESM amplitude in the 
vicinity of the tip-sample junction.
173
 This is consistent with the observation of 
the decrease of ESM amplitude in the synthetic air [Figure 4.3(g)] but disagree 
with the ESM amplitude in the air [Figure 4.1(b)], suggesting that more ionic 
processes, rather than only the ionic diffusion, have occurred underneath the 
ESM tip in the ambient air condition.  








∙∙                                                   (4.1) 
Where O is the oxygen in the NiO lattice; e- is the electron; 𝑉𝑂
∙∙ is the oxygen 
vacancy; and O2 is the oxygen extracted from NiO. 
In the ambient air, a moisture thin layer is inevitably presented at the tip-
sample junction.
174
 Through this moisture layer the electrons cannot transfer to 
the ESM tip, which possibly limits the electrochemical reactions. According to 
the charge and mass conservation of electrochemical reactions requiring the 
cooping between the cathodic and anodic processes,
175
 the cathodic processes 
are needed to consume the extra electrons generated in the anodic process 
shown in equation (4.1). One possible candidate of these cathodic processes, 
the reduction of moisture, is presented as: 
2𝐻2𝑂 + 4𝑒
− + 𝑂2 → 4𝑂𝐻
−                                        (4.2) 
The combination of the 𝑂𝐻−   generated in equation (4.2) with the metal 
cations on the sample surface such as 𝑁𝑖2+ can be attributed to the increase of 
the ESM amplitude in the ambient air. For the case in the synthetic air, the 
ESM amplitude decreases possibly originate from the oxygen ions drift driven 
by the electric field. Compared with the ESM responses in the synthetic air, 
they are invisible in the Argon gas due to the absence of electrochemical 
reactions and the incorporation of oxygen ions from the ambient environment. 
In addition, it can be found that the electrochemical reactions can be 
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controlled by the ambient environment, i.e., the moisture free air can limit the 
emergence of the electrochemical reactions.  
4.3 The ionic/electrochemical effects on the resistive switching 
behavior of NiO 
Based on the above results, the ionic phenomena including the ionic diffusions 
and/or electrochemical reactions take place when applying a bias on the NiO 
thin film surface. On the other hand, the resistive switching of NiO refers to 
the change of resistance (conductivity) of NiO driven by an electrical. 
Therefore, it is possible that the presence of the ionic phenomena during the 
resistive switching of NiO. To confirm this assumption, conductive AFM (c-
AFM) is utilized to measure the I-V curves of NiO and the c-AFM 
measurements in the first order reversal curve method (denoted as FORC-IV) 
are employed to probe the ionic dynamic during the resistive switching 
processes of NiO. Both the c-AFM and FORC-IV measurements are 
conducted on a 10×10 grid over a 3×3μm2, with the averaged I-V curve 
and FORC-IV curves over 100 these points presenting the resistive switching 
behavior and ionic dynamic of NiO.  
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4.3.1 The resistive switching behavior of NiO 
 
Figure 4.5 The averaged I-V curve of NiO; the number 1-4 refers to the 
voltage swap steps during the measurement. 
 
Figure 4.5 shows the average I-V curve of NiO, and it clearly demonstrates the 
unipolar resistive switching of NiO, i.e., that the two resistance states of NiO 






4.3.2 The ionic dynamics of NiO during the resistive switching process 
 
Figure 4.6 (a) The bias waveform used during the FORC-IV measurement; (b) 
the averaged FORC-IV curves as a function of the bias amplitude (or bias 
window); (c) the loop area as a function of the bias amplitude. 
 
During the FORC-IV measurement, a bias waveform that consists of a 
sequence of triangular pulses with increasing amplitude [Figure 4.6(a)] is 
applied on the sample surface. As a function of the bias wave, the current 
through the tip-surface junction is measured. Figure 4.6(b) shows the FORC-
IV loops with increased bias amplitudes. When the applied voltage is low, the 
electrical current may not be able to change the chemical state of the material 
and thus the I-V curve is non-hysteretic. When the applied voltage is high, the 
current can alter the chemical or physical state of the material including 
processes such as the transport of mobile ionic species or the surface 
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electrochemical reactions. These processes are associated with significant 
kinetic or thermodynamic hysteresis, consequently changing the I-V curves 
from non-hysteretic to hysteretic. Therefore, plotting the loop opening as a 
function of the bias amplitude can provide information about the onset and 
kinetic of these processes.
164
 Figure 4.6(c) illustrates the relationship between 
the loop opening (loop area) and the bias amplitude, showing the onset of the 
ionic transport or the surface electrochemical reactions at the bias amplitude of 
~ 5 V.  
 
 




Similarly, in order to probe the effect of the ionic and electrochemical 
phenomena on the resistive switching behavior of NiO thin films, c-AFM 
measurements are performed in an electrical closed cell which is filled with 
the synthetic air or the Argon gas to consciously control the ionic diffusions 
and electrochemical reactions. The corresponding I-V curves are presented in 
Figure 4.7, showing that no resistive switching behavior has been observed in 
the synthetic air and the Argon gas. According to the discussion in the section 
4.2.2, the moisture is a ‘control factor’ of the electrochemical reactions, and 
the oxygen can incorporate into the films and hence enhance the ionic 
diffusion under the electrical field. Therefore, it can be found that the lack of 
the electrochemical phenomena in the synthetic air or the Argon gas cannot 
cause the resistive switching behavior, and only the ionic diffusion alone 
cannot lead to the resistive switching behavior of NiO. Thus, we conclude that 
the resistive switching behavior appearing in the ambient air is the 
electrochemical reaction induced resistive switching.  
4.4 The mechanisms underlying the electrochemical reactions 
induced resistive switching of NiO 
In this work, NiO thin films are observed to exhibit the unipolar resistive 
switching behavior which is possibly triggered by the electrochemical 
reactions in the vicinity of the tip-sample junctions. The unipolar resistive 
switching is widely considered to be associated with the conductive filaments 
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mechanism, that is, the conversation of resistance states are the consequences 
of the formation and rupture of filaments.
1
 For NiO, the conductive paths are 
the conductive Ni-deficient phases generated by the oxygen ion (or oxygen 
vacancy) migration.
122
 If this is the only mechanism underlying the resistive 
switching behavior of NiO, the variations of the I-V curves in the ambient air, 
synthetic air and Argon gas cannot be explained, necessitating another 
mechanism to be established.  
 
 
Figure 4.8 The band diagram of metal and p-type semiconductor (a) before 
contact and (b) after contact; (c) the schematic of the resistive switching 
process; The number 1-4 corresponds to the number 1-4 in Figure 4.5. 
 
Here, we propose an integrated mechanism which combines the filamentary 
and interfacial effects, illustrated in Figure 4.8.  
Figure 4.8(a) and Figure 4.8(b) are the band diagrams of the metal and p-type 






of p-type semiconductor (∅𝑆) is larger than that of the metal (∅𝑀). This can be 
confirmed by the negative surface potential (indicative of  ∅𝑆 > ∅𝑀) measured 
by Kelvin Probe Force Microscopy (KPFM). During the KPFM measurement, 
a Pt coated tip is scanned on the NiO surface and the obtained surface 
potential represents the difference between ∅𝑀  and ∅𝑆, i.e., (∅𝑀 − ∅𝑆). The 
KPFM measurement was conducted on the same NiO sample by another 
student in our group and has not been published, thus the result is placed as 
Appendix I in this thesis with permission. The work function difference 
( ∅𝑆 − ∅𝑀 ) is potential barrier for the carrier (hole) drift. Lowering the 
potential barrier or narrowing the depletion layer can decrease the contact 
resistance at the metal-semiconductor junction, facilitating the carrier transport 
between the metal and semiconductor.
1
  
The number 1-4 in Figure 4.8(c) corresponds to the voltage swap step during 
the I-V curve measurement (see Figure 4.5). It has to note that the voltage is 
applied on the Pt bottom electrode with the Pt coated tip (top electrode) being 
grounded during the c-AFM testing. This voltage is called the sample bias and 
has a direction opposite to that of the voltage applied on the SPM tip (the tip 
bias). In this case, the positive (negative) sample bias corresponds to the 
negative (positive) tip bias.  
At the beginning, a positive sample voltage is applied on the bottom electrode 
and the direction of the electrical field direction is upward. This voltage results 
in that the oxygen vacancy drift along the direction of the electrical field. As 
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the oxygen vacancies migrate towards the top electrode, Ni-deficient NiO 
starts to form from the bottom electrode and. As the oxygen vacancy 
migration, the concentration of the main carriers (holes) in the Ni-deficient 
NiO increases and thus the conductivity also increases. Finally, the Ni-
deficient NiO grows into the conductive paths (or filaments) in the NiO thin 
film sample. Driven by the electrical field, it is likely to present a 
concentration gradient of oxygen vacancy against the electrical field. This is 
the reason why the conductive filaments are supposed to have a similar-
conical shape of which the base area is gradually decreased from the bottom to 
the top.
114
   
At the top of the filaments, also near the tip-sample junction, it is possible to 
develop Ni-relatively sufficient phases, denoted as Ni-NiO in the following 
discussion, which have fewer carriers and thus can lower the conductivity, 
consequently initiating the interface effects. But the application of the positive 
sample bias is equivalent to the application of negative bias on the metal 
electrode-the c-AFM tip, which will decrease the potential barrier or narrow 
the depletion layer. In this case, the interface effects are limited and 
conductive paths can be formed and the current can be sharply increased. [step 
1 in Figure 4.8(c)] Joule heat is inevitably generated with the current, and the 
filaments can be melted at the position near the top of the conductive filaments 
since the small size of the top part [step 2 in Figure 4.8(c)]. When the voltage 
is reversal, the oxygen vacancies drift downward to restore the filaments, and 
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the interface effect to rectify the current is significant. It is reported that the 
work function of NiO can be reduced due to the hydroxylation of the oxide 
surface.
176
 Hence, the potential barrier and thus the contact resistance can be 
decreased, finally forming conductive paths between the top and bottom 
electrodes. [step 3 in Figure 4.8(c)] This may interpret why the 
electrochemical reactions in air atmosphere can induce the resistive switching 
of NiO while no resistive switching has been observed in Argon gas and 
synthetic air. Later the filaments rupture under the Joule heating effect, 
transforming the system to be at a high resistance state [step 4 in Figure 
4.8(c)]. 
4.5 The effects of the concentration of oxygen ions and thin film 
thickness on the resistive switching behavior of NiO 
4.5.1. The effects of the concentration of oxygen vacancy on the resistive 
switching behavior of NiO 
By adjusting the oxygen partial pressure during the (PLD) sample preparation, 
the concentration of oxygen vacancies can be controlled. In general, samples 
prepared in high oxygen partial pressure tend to have low concentration of 
oxygen vacancies. The ions, such as the oxygen ions, oxygen vacancies, have 
been proved to affect the resistive switching process of NiO according to the 
previous studies.
177, 178
 Thus, samples having different concentration of 
oxygen vacancies may show different resistive switching behavior. To reveal 
 78 
 
it, I-V curves of samples prepared under different oxygen partial pressures (the 
deposition duration keeps 10 mins) are obtained by c-AFM, shown in Figure 
4.9. The left column of Figure 4.9 is the I-V curves averaged over 100 (10×10) 
points, and the right column is the magnification of the I-V curve to show the 
characteristics at the parts where the resistance state start to change.  
Firstly, it can be observed from the left column of Figure 4.9 that the RS 
behavior is different under the positive and negative sample bias. There is only 
one I-V hysteresis loop under the positive sample bias, while there are two 
loops under the negative sample bias, indicating different RS mechanisms 
under biases with different polarities. This bias polarity dependent RS can be 
understood by considering the filament-interface integrated mechanism 
proposed before which affirms the effects of the interface (between NiO and 
Pt) on the RS. The interface can rectify the current across the interface 
depending on the polarity of the bias applied on the metal. For example, when 
a positive bias is applied on the metal, the holes in the semiconductor are 
driven away from the interface, consequently widening the depletion layer and 
rectifying the current. Likewise, when a negative bias is applied to the metal to 
draw the holes into the interface, the interface does not impose any strong 
rectification to the current at the interface. Since the c-AFM tip is grounded 
when the sample bias is applied, the electrical field at the interface between 
the Pt coated tip electrode and the NiO has an opposite direction with the 
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sample bias. Therefore, the positive sample bias is equal to the negative bias 
applied on the c-AMF tip, in which the interface effects are limited. 
 
 
Figure 4.9 (a), (c), (e) I-V curves of NiO samples prepared under different 
oxygen partial pressures; and (b), (d), (f) the partial magnification of I-V 
curves in the red dash rectangle. The number 1-4 represents bias sweeping 
direction. 
 
For the case in Figure 4.9, the interface effects are limited when the positive 
sample bias is applied; while they can rectify the current and play roles when 
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the negative sample bias is applied. Under both the positive and negative 
sample biases, the filament effects are always active. Owing to that various 
mechanisms are involved in the RS under biases with different polarities, the 
RS behavior becomes the bias polarity dependent. 
The current values marked in Figures 4.9(a), 4.9(c) and 4.9(e) are the 
maximum currents which can be indicators of the resistance of NiO at the LRS. 
For NiO samples prepared under different oxygen partial pressures, the 
maximum currents under the positive sample bias are larger than those under 
the negative sample bias. This can be attributed to the current rectification of 
the interface under the negative sample bias. Comparing the maximum 
currents of samples prepared under different oxygen partial pressures, it can be 
found that the maximum current of the NiO prepared under 1.6 × 10
-2
 Torr is 
the largest, which may be because that NiO prepared under 1.6 × 10
-2
 Torr has 
the lowest concentration of oxygen vacancy, which can increase the amount of 
the carriers (holes) and finally lowering the resistance. 
Figures 4.9(b), 4.9(d), and 4.9(f) are the magnifications of the parts of I-V 
curves in the red boxes, which show the details especially when the resistance 
switches. The resistance switching behavior is found to vary significantly with 
the change of the oxygen partial pressure during film deposition. Table 4.1 
summarizes the voltages at which the resistances start to change. Letters in 




Table 4.1 Voltages of the NiO samples (prepared under different oxygen 
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1.46 0.71 -0.46 -2.66 -3.95 -0.80 
 
The most remarkable characteristic is the transformation from the bipolar 
resistive switching into the unipolar resistive switching as the oxygen partial 
pressure decreases (or the oxygen vacancy concentration increases). For 
example, when the oxygen partial pressure is 1.6 ×10
-2
 Torr, the resistance 
switches from the HRS to the LRS at 2.94 V [point A in Figure 4.9(b)], and 
then the LRS switches back to the HRS at -2.56 V [point B in Figure 4.9(b)], 
which is the bipolar resistive switching. However, when the oxygen partial 
pressure drops to 1.3 × 10
-6
 Torr, the switching from the HRS to the LRS 
occurs at 1.59 V [point A in Figure 4.9(f)], and then at 0.68 V [point B in 
Figure 4.9(f)] it switches from the LRS to HRS, which is the unipolar resistive 
switching. This transformation from the bipolar RS to the unipolar RS can be 
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attributed to the degradation of the filament strength (size or stability) as the 
decrease of the oxygen partial pressure (the increase of the oxygen vacancies). 
Filaments with less strength tend to rupture easily due to the Joule heating. 
In addition to this bipolar to unipolar RS transformation, there is another 
interesting feature. That is the emergence of the negative differential resistance 
(NDR), which refers to the decrease of the current as the increase of the 
voltage.
179
 The segments BC in Figure 4.9(b) and Figure 4.9(d), and the 
segment B’C in Figure 4.9(f) well demonstrate the NDR. The NDR appears 
when the negative sample bias is applied. As mentioned before, the 
rectification of the interface works when the negative sample bias is applied. It 
is reasonable to assume that the interface effect is associated with the 
emergence of the NDR. To discuss it, the possible processes under the 
negative sample bias have to be reviewed. 
There are mainly three processes under the negative sample bias, namely, 1) 
the current rectification as the holes are drifted away from the interface, 2) the 
migration of oxygen vacancies away from the interface, and 3) the thermal 
vibration of oxygen vacancies driven by Joule heating. These processes have 
opposite functions to the RS. For example, the current rectification increases 
the contact resistance between the interface and the total resistance of the 
whole RS cell (consisting of two metal electrodes and NiO interlayer); while 
the migration of oxygen vacancies away from the interface increases the 
concentration of holes at the interface, facilitates the formation of the 
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filaments, and thus decreases the contact resistance as well as the total 
resistance. The thermal vibration of oxygen vacancies can speed up the 
filament rupture and simultaneously promote the migration of oxygen ions, 
thus showing a dual function to the RS. Taking Figure 4.9(b) as an example, 
the NDR appears after point B, meaning that the resistance starts to increase 
with the voltage. Driven by the negative sample bias, the oxygen vacancies 
move away from the c-AFM tip and thus decrease the resistance, necessitating 
another process to increase the resistance. The interface effects and the 
thermal vibration are possible. Since the thermal vibration of oxygen 
vacancies are expected to exist under both the positive and negative bias, the I-
V curves are expected to be symmetric. Therefore, the asymmetric I-V curves 
shown in Figure 4.9 can exclude the thermal vibration as the main contributor 
to the NDR. Accordingly, the combat of the processes of the current 
rectification and the migration of the oxygen ions are reasonably hypothesized 
as the origin for the NDR. The rectification is activated after point B, and is 
overcome by the oxygen migration until point C. 
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4.5.2 The effects of the thin film thickness on the resistive switching 
behavior of NiO 
 
Figure 4.10 (a), (c), (e), (g) I-V curves of NiO samples prepared with different 
deposition durations; and (b), (d), (f) the partial magnification of I-V curves in 




By modulating the deposition duration during the PLD sample preparation, 
NiO thin film samples with various film thicknesses can be obtained. 
Commonly, samples with less deposition duration tend to have a smaller film 
thickness. In order to study the effects of the film thickness on the resistive 
switching behavior of NiO, I-V curves of NiO with various deposition 
durations are measured by c-AFM in this work (Figure 4.10). 
The left column of Figure 4.10 are the I-V curves of samples with the 
deposition duration of 3 mins, 10 mins, 20 mins and 30 mins (the oxygen 
partial pressure for these samples is kept at 1.3 × 10
-6
 Torr), and the right 
column are the partial magnification of these I-V curves.  
The I-V loops are different under the positive and negative biases, which, as 
discussed above, are indicative of different mechanisms underlying the RS 
driven by biases with different polarities. In addition, the variations of 
resistive switching behavior with the deposition duration (or the film thickness) 
are obvious in Figure 4.10. As the thin film thickness increases, the resistive 
switching phenomena become more significant. For example, the I-V curve is 
almost a horizontal line and no resistive switching behavior (almost with HRS) 
is observed for the NiO sample with the deposition duration of 3 mins. When 
the deposition durations are above 3 mins, the maximum current increases and 
the I-V curves move to the left (indicating that the set voltage and reset 
voltage decrease) as the deposition duration increases.  
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During the whole process of the resistive switching, the conductive filaments 
in NiO thin films are undergoing the formation driven by the electrical filed 
and the rupture due to the thermal effects all the time. If the rupture of the 
conductive filaments progresses more than the formation process, the 
filaments may not be able to connect the top and bottom electrodes and finally 
change the resistance of the resistive switching cells. The conductive filaments 
of the sample with the smallest film thickness may be easy and quick to form 
compared with the samples with larger thickness. But the Joule heating effects 
may be more remarkable due to the small length of the filaments (close to the 
thin film thickness), accelerating the rupture process. This may explain the 
absence of the resistive switching behavior for NiO with the smallest film 
thickness. Furthermore, the appearing of the resistive switching behavior of 
NiO as the increase of the film thickness can be attributed the improvement of 




In addition, the evolution of the resistive switching with the deposition 
duration is obviously different for the sample biases with different polarities. 
For positive sample bias, the maximum current corresponding to the resistance 
at LRS firstly rises up to ~9 nA when the deposition duration increases to 10 
mins, and then it saturates with a slight increase when the deposition duration 
increases from 10 mins to 30 mins; for the negative sample bias, the maximum 
currents are smaller. Moreover, these maximum currents are found to initially 
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increase as the deposition duration increases (from 3 mins to 20 mins) and 
decrease a little as the deposition duration is 30 mins. These variations of the 
RS evolution as the deposition duration can be explained by the proposed 
interface-filament mechanism. As mentioned before, the application of the 
positive sample bias can alleviate the rectification of the interface between the 
metal (the SPM tip) and the NiO and similarly, the application of the negative 
sample bias will enhance the interface effect to RS.  
More specifically, the filament effect is dominant when the positive sample 
bias is applied. The application of the positive sample bias eliminates the 
rectification of the interface to the carriers, lowering the contact resistance at 
the interface. Therefore, the maximum currents mainly reflect the resistance of 
the filaments in this case. This can explain that the maximum currents under 
positive sample bias are larger than those under negative sample bias, as well 
as there is only slight change of the maximum current after it saturates at the 
deposition duration of 10 mins. The application of the negative sample bias 
can enhance the interface’s rectification to the carriers and increase the contact 
resistance at the interface. In this case, the maximum current implies the 
resistance including the filament and the contact resistance, thus it is smaller 
compared with that under positive sample bias. As the film thickness increases, 
more oxygen ions are driven by the electrical field, to participate in the 
formation of the filaments and to alleviate the rectification when migrating to 
the interface. This can explain that the maximum current increases as the film 
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thickness increase. It is reasonable to assume a threshold film thickness above 
which the filament is too long to provide enough oxygen ions to strengthen the 
alleviation. That is why when the deposition duration changes from 20 mins to 
30 mins, the maximum current decreases a little.  
 
Table 4.2 Voltages of the NiO samples (prepared with different deposition 
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Table 4.2 summarizes the voltages at which the resistances start to change. 
Letters in Table 4.2 correspond to those in Figure 4.10. From Figure 4.10 and 
Table 4.2, it can be found that the RS changes from bipolar to unipolar as the 
decrease of the thin film thickness, which can be attributed to the decrease of 
the filament stability as the film thickness decrease. The NDR appears for 
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samples with different film thicknesses, similar to the discussion in the section 
4.5.1, which can be attributed to the activation of the interface effects. 
Furthermore, comparing the NDR segments of different samples [BC in 
Figures 4.10(b) and 4.10(d), and B’C in Figure 4.10(f)], it can be found that 
the slope of the NDR segments is dependent on the film thickness, which may 
be associated with the change of the interface effect as the film thickness 
varies. 
4.6 Summary 
In this section, the ionic processes driven by the electrical field including the 
ions diffusion and the electrochemical reactions are verified by using the 
Electrochemical Strain Microscopy (ESM) in both the imaging mode and the 
voltage spectroscopic mode. Further, it proves by performing the ESM 
measurements in specific ambient environments that the electrochemical 
reactions can be limited in the moisture-free ambient environments due to the 
conservation of charge and the requirement for coupling the anodic and 
cathodic actions.  
On the other hand, c-AFM and the FORC-IV measurements demonstrate the 
unipolar resistive switching behavior of NiO thin films and the ionic dynamic 
during the switching processes, respectively. Simultaneously, this resistive 
switching behavior is evidenced to be electrochemical reactions induced since 
it appears in the air ambient but disappears in the moisture-free environments, 
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which can be explained by an integrated mechanism involving the filamentary 
and interfacial effects.  
In addition, the effects of the concentration of oxygen vacancies and thin film 
thickness on the resistive switching behavior of NiO are also studied. Firstly, 
the I-V curves are remarkably different under the positive and negative bias, 
indicative of the coexistence of the filament effect and the interface effect. 
Secondly, for the effects of the concentration of oxygen vacancies, it has been 
found that NiO deposited under a higher oxygen partial pressure has a larger 
value of the maximum current, which can be attributed to the lower 
concentration of oxygen vacancies that can increase the concentration of the 
carrier (hole). As the decrease of the oxygen partial pressure, the RS has been 
found to change from the bipolar RS into the unipolar RS. This transformation 
may be attributed to the decrease of the filament strength with the decrease of 
the oxygen partial pressure. The negative differential resistance (NDR) has 
been observed during the RS processes, which may originate from the current 
rectification of the interface (between the Pt and NiO).  
Thirdly, for the effects of the thin film thickness, a critical film thickness is 
found, below which no resistive switching behavior can be observed and 
above which the RS changes from the bipolar RS into the unipolar RS. This 
transformation is most likely due to the improvement of the filament strength 
as the film thickness increases. The negative differential resistance (NDR) has 









phenomena of vertical TiO2 








Characterizing resistive switching and electrochemical 
phenomena of vertical TiO2 resistive switching cell 
 
Titanium oxide (TiO2) is an electronic-ionic mixed semiconductor with the 
oxygen vacancies which are mobile species especially when TiO2 is subjected 
into an electrical field.
103
 In addition, electrochemical reactions under an 
electrical field, such as the generation or the annihilation of the oxygen 
vacancies, may also occur in TiO2 at a macroscale.
48
 At the same time, TiO2, 
as a binary transition metal oxide with the rutile structure, is one of the most 
widely studied resistive switching materials. Many examples 
13, 181
 presented 
in the Chapter 2 have shown the existence of the ionic distribution and its 
crucial role in the resistive switching process of TiO2. However, few 
experimental evidences have been observed at micro- to nano-scales. In order 
to study the detail of the electrochemical reactions associated with resistive 
switching, in this work, a combination of various SPM techniques, including 
conductive Atomic Force Microscopy (c-AFM) and Electrochemical Strain 
Microscopy (ESM), and a closed electrical cell are used, and the results and 
discussions are presented in this Chapter.  
Specifically in this Chapter, a MIM resistive switching cell of TiO2 were 
vertically configured with two metal electrodes (M) being attached 
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respectively at the bottom and the top of the TiO2 oxide film (I). The bottom 
electrode is the Pt layer coated on a commercial Si substrate and the top 
electrode is the Pt coated SPM tip. Firstly, dc or cycling biases were applied 
on the sample surface to activate the possible ionic motions or even the 
electrochemical reactions; secondly, ESM in the imaging mode was scanned 
on the same area, or ESM was conducted in the voltage spectroscopic mode to 
track these ionic or electrochemical phenomena. In addition, combining with a 
closed electrical cell that can be filled with various gases, these ionic or 
electrochemical phenomena were demonstrated to be associated with and 
controlled by the atmospheric environment. This was then followed by testing 
the resistive switching performance of this TiO2 vertical resistive switching 
(RS) cell in various atmospheric environments to investigate the correlation 
between the resistive switching behavior and the ionic or electrochemical 
phenomena. The details are presented below. 
5.1 The ionic or electrochemical phenomena of TiO2 under the dc 
electrical field 
5.1.1 The ionic or electrochemical phenomena of TiO2 under the negative 
dc electrical field 
The ionic or electrochemical phenomena of TiO2 under the dc electrical filed 
are investigated by conducting Electrochemical Strain Microscopy (ESM) 
measurements on TiO2 sample surface of which a (n×n) grid are written by dc 
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biases with different amplitudes. Figure 5.1 shows the ESM images of TiO2 
after applying -9 V on a 4×4 surface grid. These ESM images consist of 
images of height, amplitude and phase at resonance frequency, Q-factor, and 
resonance frequency. It is noticed that there are no topographic variations 
between the biased and un-biased regions in the topographic image [Figure 
5.1(a)], indicating that the applied dc bias does not result in any visible surface 
deformation. However, the contrast between the biased and un-biased area are 
clearly presented in the images of amplitude, phase, Q-factor as well as 
frequency, showing the bias-induced phenomena. After applying -9 V dc bias, 
the amplitude decreases (also shown in the line profile of Figure 5.1(c)), the 
phase negatively shifts a small range, around 8°, and the Q-factor and 
frequency slightly increase. Based on the ESM image theory, those changes 
represent the changes of local electrochemical activity, energy dissipation and 
elasticity of the materials after the application of the bias. 
The strong bias-induced responses may originate from many possibilities, 
including the electromechanical coupling effects such as piezoelectricity, the 
deformation potential effects, the flexo-electric effects, the ionic motions 







Figure 5.1 (a) DART-ESM topography image; (b) resonance amplitude image; 
(c) line profile along the red dash line in (b); (d) resonance phase image; (e) 
resonance Q-factor image and (f) resonance contact frequency image. The 
TiO2 surface is subjected to a dc bias of -9 V on a 4 x 4 grid within the 
scanning area. All of the DART-ESM images are obtained in the ambient air 
condition. 
 
TiO2 sample has a rutile phase that is center symmetric, and it is also noticed 
that the small variations of the resonance phase between the biased and un-
biased area (~ 8°), are much less than the phase angle (~180°) of common 
piezo/ferroelectric materials. Therefore, the piezoelectric effects can be ruled 
out as the origin for the bias-induced responses of TiO2. The deformation 
potential and flexo-electric effects describe the fast response of the ionic sub-
system to the changes of the local electrochemical potential and field gradients, 
respectively, which can be responsible for the high frequency ESM 
responses.
170
 The high frequency ESM is what we used to collect images in 
Figure 5.1 (the frequency is around 220 kHz). However, the low frequency 
ESM responses (~0.1 Hz) in the form of the hysteretic loops are also observed 
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on TiO2 sample (the corresponding results are presented in Figure 5.6). Thus, 
the ionic motions and/or redox reactions as well as the associated Vegard 
strains become the predominant source of the ESM responses.  This analysis 
also agrees with the operation principle of the ESM measurement, that is, 
ESM is based on the detection of the surface strain (or surface displacement) 
which is induced due to the intrinsic link between concentration of ionic 




The magnification of the surface displacement, as well as the change of the 
ions concentration and/or the cation oxidation states, can be obtained from the 
amplitude at the resonance frequency, such as the one shown in Figure 5.1(b). 
The resonance amplitude image in Figure 5.1(b) shows that the application of 
-9 V dc bias leads to the decrease of the resonance amplitude, suggesting the 
change of the ions concentration and/or the cation oxidation states, and thus 
the decrease of the molar volume of TiO2 underneath the ESM tip when 
subjecting to the negative dc bias.   
As mentioned before, the ionic and electrochemical phenomena account for 
the ESM responses for the TiO2 thin film. An obvious question is what ionic 
and electrochemical process can result in the decrease of the resonance 
amplitude as well as the molar volume of the TiO2. To answer this question, a 
brief discussion about the properties of TiO2 is needed. TiO2 is a typical hypo-
stoichiometric compound due to the formation of point defects,
183





 and the oxygen vacancies.
185
 The dominant defects in 
TiO2 are related to the temperature, i.e., the dominant defects are titanium 
interstitials at high temperature while oxygen vacancies at low temperature.
183
 
In this study, as all ESM studies are conducted at the room temperature, hence 
oxygen vacancies are considered to be the dominant defects to influence the 
ESM responses.  
Under the negative electrical field, the oxygen vacancies migrate towards the 
cathodic electrode (the ESM tip), concentrating oxygen vacancies at the tip-
sample junction. According to the relationship between the molar volume and 
the concentration of oxygen vacancy,
173
 the accumulation of oxygen vacancies 
at the tip-sample junction will lead to the increase of the molar volume of TiO2 
and thus the increase of the amplitude. Obviously, this does not agree with the 
observation in Figure 5.1(b). Here, an additional ionic or electrochemical 
process should occur when applying a negative dc bias (-9 V in this study) on 
the TiO2 surface. 
Besides the ionic migration, electrochemical reactions can be activated by the 
external voltage. For instance, the generation or annihilation of the oxygen 
vacancies, denoted as: 
𝑂𝑂 ↔ 𝑉𝑂
∙∙ + 2𝑒− +
1
2
𝑂2                                                (5.1) 
where 𝑉𝑂
∙∙ represents the oxygen vacancy. 
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It is believed that when applying -9 V dc bias, the accumulated oxygen 
vacancies will combine with the oxygen molecule in the environment, 
resulting in the annihilation of the oxygen vacancies. This annihilation of the 
oxygen vacancies will cause the decrease of the molar volume of TiO2 and 
thus the resonance amplitude, which is consistent with the Figure 5.1(b). In 
addition, the defect concentration is associated with the mechanical properties 
of materials, for example, the elastic modulus of oxides increases as the 
concentration of the oxygen vacancy decreases.
186
 Figure 5.1(e) and 5.1(f) 
show the increase of the Q-factor and the resonance frequency (both Q-factor 
and resonance frequency are related to the mechanical properties) at the dc 
bias written locations, which agrees well with the decreases of the oxygen 
vacancies due to the annihilation processes. Therefore, it can be concluded 
that a negative dc bias can annihilate the oxygen vacancies and hence 
contribute to the ESM responses showed in Figure 5.1. 
To further prove this conclusion, the same ESM measurements are conducted 
in the slowly-flowed Argon gas environment, which is created by introducing 
the Argon gas (purity of 99.9997% with oxygen < 0.01ppm, H2O <0.02 ppm) 
into an electrical closed cell (i.e., a closed cell which is designed for 
measuring electrical properties under various environments) [Figure 5.2(a)]. 
According to the above discussion, the oxygen molecule is a necessary 
component for the annihilation of the oxygen vacancies. Therefore, in the 
oxygen-free (Argon) environment, such annihilation processes do not exist 
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and hence no ESM responses can be detected. Figures 5.2(b)-5.2(f) show the 
ESM measurement results obtained in the Argon gas environment, which do 
not show any contrast between the biased and un-biased areas as expected. 
This confirms that the electrochemical reactions, that is, the annihilation of 
oxygen vacancies, does occur under the negative dc bias in the ambient air. 
 
 
Figure 5.2 The closed Electrical cell for creating an oxygen-free environment; 
(b) DART-ESM topography image; (c) resonance amplitude image; (d) 
resonance phase image; (e) resonance Q-factor image and (f) resonance 
contact frequency image. The TiO2 surface is subjected to a dc bias of -9 V on 
a 4 x 4 grid within the scanning area. All of the DART-ESM images are 
obtained in Argon gas. 
 
5.1.2 The ionic or electrochemical phenomena of TiO2 under the positive 
dc electrical field 
To further investigate the phenomena under a positive dc bias, ESM 
measurements similar to those in Figure 5.1 are conducted on TiO2 sample 
 100 
 
with a 4×4 surface grid poled by a positive dc bias (+9 V), the results are 
shown in Figure 5.3. The positive dc bias will drive the oxygen vacancies to 
move away from the positively biased ESM tip, finally decreasing the 
resonance amplitude at the tip-sample junction. If the electrochemical reaction 
is triggered, e.g. the generation of oxygen vacancies under the positive dc bias, 
the concentration of the oxygen vacancies will increase and the resonance 
amplitude at the tip-sample junction will also increase. According to the 
results in Figure 5.3, the resonance amplitude increases at the positive dc bias 
written location, suggesting that applying a positive dc bias will activate the 
generation of the oxygen.  
 
 
Figure 5.3 (a) DART-ESM topography image; (b) resonance amplitude image; 
(c) line profile along the red dash line in (b); (d) resonance phase image; (e) 
resonance Q-factor image and (f) resonance contact frequency image. The 
TiO2 surface is subjected to a dc bias of +9 V on a 4 x 4 grid within the 





5.1.3 The reversibility and the relaxation of the ionic or electrochemical 
phenomena  
In order to study the reversibility of the electrochemical process at the tip-
sample junction, ESM measurements are conducted after sequentially 
applying dc biases with different polarities. Figure 5.4(a) and Figure 5.4(b) are 
the images of the height and the resonance amplitude after applying 9 V and -9 
V in sequence. The contrast of the resonance amplitude between the biased 
and unbiased region are still clear in Figure 5.4(b), indicating that the 
electrochemical process triggered by the dc bias are irreversible. Given that 
the electrochemical effects as well as the topographic variations are the main 
consideration, only the images of the height and the resonance amplitude are 
presented in Figure 5.4 and the subsequent figures. 
The relaxation behavior of materials has been observed during the SPM 
studies and reported as a consequence of relaxor-type polarization 
dynamics,
187-189
 domain wall motion, or ionic motion below the tip.
147
 For the 
center-symmetric structure materials such as TiO2, the ionic motion is the 
major contributor to the relaxation processes. Therefore, it can be reasonably 
assumed that the mobile ions, i.e., oxygen vacancies in TiO2, will redistribute 
after removing the external dc voltage. In order to prove this, a second ESM 
scanning is followed in a short time after the first ESM scanning. Figure 5.4(d) 
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and Figure 5.4(e) are the ESM images obtained 30 mins later after the first 
scanning [shown in Figure 5.4(a) and 5.4(b)]. The amplitude contrast is more 
noticeable after 30 mins, which can be clearly seen from locations in the red 
ellipses and the line profiles [Figure 5.4(c) and 5.4(f)]. This can be explained 
by that of the oxygen vacancies moving away from the tip-sample junction or 
combining with the oxygen molecule adsorbed at the tip-sample junction. 
 
Figure 5.4 (a) DART-ESM topography image; (b) resonance amplitude image; 
(c) line profile along the red dash line in (b). The TiO2 surface is subjected to a 
dc bias of 9 V followed by -9 V on a 4 x 4 grid within the scanning area. After 
30 mins, the same area was scanned by DART-ESM again: (d) topography 
image; (e) resonance amplitude image; (f) line profile along the red dash line 




5.2 The ionic or electrochemical phenomena during the resistive 
switching of TiO2 
As discussed in the last section, the ionic and electrochemical processes 
occurred when subjecting the dc electrical field. Those processes include the 
distribution of oxygen vacancies and the electrochemical reactions involving 
oxygen vacancies. On the other hand, the generation and distribution of 
oxygen vacancies is possibly associated with the formation/rupture of the 
conductive filaments, consequently altering the resistance at the interface 
between the metal electrode and the oxide, and influencing the resistive 
switching performance of TiO2. To experimentally demonstrate the presence 
of the ionic processes as well as their influence on the resistive switching 
performance, the experiments by combining the ESM with c-AFM are 
conducted and the results are presented in this section. 
5.2.1 The resistive switching behavior of TiO2 
Conductive-AFM, as discussed in the Chapter 4, is widely used to study the 
resistive switching behavior of materials, especially at micro- to nano-scale. 
By conducting c-AFM measurements in a voltage spectroscopic mode, I-V 
curves can be obtained. During the voltage spectroscopic c-AFM, a cycling dc 
bias is swept on the sample surface. When the c-AFM contacts with the 
sample surface, the current passes through the tip. This current will be 
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recorded and then plotted as the function of voltage sweeps, revealing the I-V 
curve of the tested materials.  
 
 
Figure 5.5 I-V curve obtained by c-AFM on TiO2 thin film in the ambient air; 
the inset shows the voltage waveform applied for c-AFM measurement. The 
sample presents a bipolar resistive switching behavior. 
 
Figure 5.5 is the I-V curve of the TiO2 when applying a triangle wave with 
amplitude of 10 V and frequency of 0.1 Hz (shown in the inset of Figure 5.5). 
The bipolar resistive switching behavior of TiO2 can be observed: the 
resistance states are altered by the external biases with different polarities. 
More specifically, the set process, i.e., the transformation from the high 
resistance state (HRS) into the low resistance state (LRS), occur at around -3 
V; the reset process, namely, the  reversal transformation from the LRS into 
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the HRS, initiate at around 5 V. It is worthy to note that the current fluctuation 
appearing under the positive bias is associated with a termed negative 




5.2.2 The ionic or electrochemical phenomena during the resistive 
switching of TiO2 
To probe the ionic or electrochemical phenomena during the resistive 
switching of TiO2, ESM measurements are conducted after the application of 
the same bias waveform as the one shown in the inset of Figure 5.5. The 
height and amplitude images are presented in Figures 5.6(a) and 5.6(b). It can 
be found that this cycling bias does not induce any visible deformation or 
damage on topographic image [Figure 5.6(a)]. However, a slight amplitude 
contrast between the biased and un-biased regions can be observed [Figure 
5.6(b)]. This indicates that the presence of the bias-induced deformation 
during the resistive switching processes of TiO2.  
On the other hand, the voltage spectroscopic ESM (or the low frequency ESM) 
with a tip bias waveform shown in Figure 5.6(c) is employed to unveil the 
bias-induced ionic processes below the tip. This bias waveform consists of a 
set of pulses (~25 ms) with the amplitude-modulated by a slowly changing 
triangular waveform (0.1 Hz). An ac bias, which has a limited influence on the 
ionic processes due to its high frequency, is active during and after each dc 
 106 
 
bias pulse to detect the ESM responses. These ESM responses can be divided 
into the bias-on response and bias-off response depending on whether the dc 
bias is enabled or disabled. In order to obviate the electrostatic tip-surface 
force effects, the bias-off ESM responses are mainly discussed. Figure 5.6(d) 
are the ESM loop from the bias-off responses as a function of a slowly 
changing triangular voltage [Figure 5.6(c)] for TiO2.  
 
 
Figure 5.6 DART-ESM images of TiO2: (a) surface topography, and (b) 
resonance amplitude. The TiO2 thin film is subjected to a cycling bias (the 
inset of Figure 5.5) in the ambient air condition on a 4 x 4 grid within the 
scanning area. (c) The slowly changing triangular voltage waveform used in 
voltage spectroscopic ESM; (d) the ESM response loop of TiO2 as a function 
of the voltage waveform in (c). The loop is also obtained in the ambient air 
condition. The ESM deformation can be found by the ESM amplitude, and as 
the phase angle is very small (near 0
o




Note that the ESM response is represented by the ESM amplitude due to the 
small variation of the phase angle. This bias-off ESM loop is open and 
showing hysteretic nature. However, as mentioned before that the 
piezoelectric and ferroelectric effects can be excluded as TiO2 is center 
symmetric. According to the mechanism of the hysteretic loop formation,
37
 the 
hysteretic and open loop is an indication of the electrochemical reaction or the 
ionic dynamic process in the ionic materials. 
5.3 The correlation between the resistive switching behavior and the 
ionic or electrochemical phenomena  
In the last section, the ionic and electrochemical phenomena during the 
resistive switching of TiO2 have been verified by the high frequency ESM 
scanning after applying a cycling bias on the sample surface and the low 
frequency ESM in the voltage spectroscopic mode. In this section, the 
correlation between the resistive switching behavior and the ionic and 
electrochemical phenomena, as well as the effect of the ionic and 
electrochemical phenomena on the resistive switching of TiO2 will be studied.  
The ESM measurements in the Argon environment show almost no ESM 
responses after applying the external bias (Figure 5.2); hence, it is assumed 
that the ionic and the electrochemical phenomena can be controlled by the 
environment. This assumption, once again, can be proved by the ESM 
scanning after applying the cycling bias [Figure 5.7(a) and 5.7(b)], and the 
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hysteresis ESM loop in the Argon gas [Figure 5.7(c)]. It is found that the ESM 
responses and the loop opening are much smaller than that in ambient air 
[Figure 5.6(d)]. 
 
Figure 5.7 DART-ESM images of TiO2: (a) surface topography (b) resonance 
amplitude. The TiO2 thin film is subjected to a cycling bias (the inset of Figure 
5.5) in the Argon gas on a 4 x 4 grid within the scanning area. (c) The ESM 
loop obtained in the Argon gas; and (d) the I-V curve obtained in the Argon 
gas. 
 
To study the correlation between the resistive switching behavior and the ionic 
and electrochemical phenomena, c-AFM measurements are conducted in the 
Argon environment in which the ionic and electrochemical phenomena are 
expected to be limited. The result of the c-AFM measurements in the Argon 
gas is presented in Figure 5.7(d), and it is obvious that there is no resistive 
switching behavior in Argon gas. This indicates that there is a correlation 
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between the resistive switching behavior, and the ionic and electrochemical 
phenomena, i.e., the ionic and electrochemical phenomena may have a 
determinate role in the resistive switching processes in TiO2. Further evidence 
can be found in the Appendix II in which the results of the ESM and c-AFM 
measurements in the synthetic air are presented. Almost no ESM responses 
and no resistive switching can be detected in this moisture-free environment, 
confirming the correlation between the resistive switching behavior and the 
electrochemical phenomena. It also indicates the important role of the 
moisture in the electrochemical phenomena and resistive switching of TiO2.  
 
 
Figure 5.8 DART-ESM images (only topography and amplitude are shown) 
and I-V curves obtained in the ambient air: (a)-(c) refer to the TiO2 thin film 
sample deposited with duration of 30 mins; (d)-(f) present the experimental 
results of TiO2 deposited with a duration of 3 mins; Comparing with TiO2 
deposited with different deposition durations, samples deposited with short 
duration show surface deformation. (g) The current image (scanned with 1 V) 





In addition, more results can support this correlation. For example, cycling 
biases similar to the one shown in the inset of Figure 5.5 are applied on TiO2 
samples prepared with different oxygen partial pressures and different 
deposition durations. After that, the imaging ESM is conducted on the same 
regions where the cycling biases are applied. The height and amplitude images 
are presented in Figure 5.8 and Figure 5.9. 
Figure 5.8 and Figure 5.9 show that the ESM responses can be detected on the 
TiO2 samples deposited under a lower oxygen partial pressure, for example, 
1.3 × 10
-6
 Torr [Figures 5.8(a), 5.8(b), 5.8(d), and 5.8(e)]. These samples tend 
to have a higher concentration of oxygen vacancies due to low oxygen partial 
pressure. Therefore, more oxygen vacancies may take part in the ionic and 
electrochemical processes and hence it is possible to detect the ESM responses 
in these samples. At the same time, it can be found that all these samples show 
bipolar resistive switching behavior [Figures 5.8(c) and 5.8(f)]. On the other 
hand, for the TiO2 samples deposited under a high oxygen partial pressure  
(1.4 × 10
-4
 Torr or 1.6 × 10
-2
 Torr), ESM responses cannot be detected 
[Figures 5.9(a), 5.9(b), 5.9(d) and 5.9(e)] and unipolar resistive switching 
behavior is observed [Figures 5.9(c) and 5.9(f)]. This observation between the 
bipolar resistive switching behavior and the ESM responses agrees well with 
the mechanism of the bipolar resistive switching of TiO2, i.e., the bipolar 
resistive switching is resulted from the oxidation and reduction of conductive 
phases due to the migration of the oxygen vacancies.
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 At the same time, the 
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fact that a high concentration of oxygen vacancies is in favor of the bipolar 
resistive switching of TiO2 further verify the role of the ionic and 
electrochemical phenomena in the resistive switching of TiO2. 
 
 
Figure 5.9 DART-ESM images (only topography and amplitude are shown) 
and I-V curves obtained in the ambient air: (a)-(c) refer to the TiO2 thin film 
sample deposited under the oxygen partial pressure of 1.2 x 10
-4
 Torr; (d)-(f) 
present the TiO2 deposited under the oxygen partial pressure of 1.6 x 10
-2
 Torr; 
Comparing with TiO2 deposited under the oxygen partial pressure of 1.3 x 10
-6
 
Torr (Figure 5.5), these samples deposited under higher oxygen partial 
pressure do not show bipolar resistive switching and no ESM responses have 
been observed. 
 
Furthermore, significant topographic changes after the application of a cycling 
bias can be observed on the surface of TiO2 deposited at a short duration, such 
as the one with 3 mins deposition time [Figure 5.8(d)]. The topographic 
changes are indicative of the irreversible electrochemical processes such as the 
the oxygen vacancies, injection of large-scale defects, and phase 
transformation. In the TiO2 thin film samples, the topographic changes can be 
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attributed to the phase transformation induced by the clustering and ordering 
of oxygen vacancies. The phase transformation will change TiO2 into 
conductive Magneli phases, which can be observed in the current image 
[Figure 5.8(g)]. But the conductive points in the current image [Figure 5.8(g)] 
are much smaller than the deformation spots in Figure 5.8(d), and the 
conductivity at some deformation spots doesn’t change. This indicates more 
irreversible electrochemical reactions have happened in addition to the 
ordering and clustering of oxygen vacancies. For the reason that the 
topographic changes appear only on the samples deposited with a short 
duration, the film thickness effects should be taken into consideration. 
Generally-speaking, short deposition duration means that samples have a small 
film thickness which makes the influence of the ions motions towards the 
lattice more significant.  
5.4 Summary 
In this section, vertical Pt/TiO2/Pt cells are configured and their resistive 
switching behavior is studied. The ionic and electrochemical phenomena of 
these vertical cells under the external electrical field are characterized by ESM 
technique. It is shown that these ionic and electrochemical phenomena, 
including the ionic distribution and electrochemical reactions, are irreversible 
and environment dependent. More specific, these phenomena, especially the 
electrochemical reactions (e.g. the generation and annihilation of oxygen 
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vacancies), can be controlled by the environments: the electrochemical 
reactions are limited in the oxygen-free environment (Argon gas) and 
moisture-free environment (synthetic air). On the other hand, I-V curves are 
measured by c-AFM technique to study the resistive switching behavior of 
TiO2. The ESM responses, as detected after applying the same cycling biases 
as those used for the c-AFM measurements, indicate a relationship between 
the resistive switching behavior and the ionic and electrochemical phenomena. 
The fact that no resistive switching phenomena are observed in Argon and 
synthetic air demonstrates a determinative role of the ionic and 
electrochemical phenomena for the resistive switching of TiO2.  
Moreover, the correlations between the ESM responses and the bipolar 
resistive switching behavior have been illustrated by the fact that the high 
concentration of oxygen vacancies is in favor of the bipolar resistive switching. 
In addition, topographic changes indicating the irreversible electrochemical 
phenomena are observed on the TiO2 thin film samples when the film 
thickness is 4 nm.  
In the next chapter, lateral TiO2 resistive switching cells are configured. This 
lateral configuration will include more surfaces during resistive switching, and 
the surface electrochemical phenomena should be more significant. The 
topographic changes, the ionic and electrochemical phenomena during the 
resistive switching processes in the lateral (in-plane) cells, as well as their 
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Characterizing resistive switching and electrochemical 
phenomena of Lateral TiO2 resistive switching cells 
 
In the last chapter, the resistive switching and electrochemical phenomena of 
the vertically configured Pt/TiO2/Pt cells are studied. From these studies, the 
electrochemical phenomena in the vertical TiO2 resistive switching cells, 
including the ionic distribution and electrochemical reactions triggered by the 
external biases, can be verified by the SPM-based techniques. In addition, the 
correlation between the electrochemical phenomena and the resistive 
switching behavior as well as the role of the electrochemical phenomena in the 
resistive switching behavior are also investigated.  
It has been found that 1) the vertical TiO2 resistive switching cells will lose 
their resistive switching when the electrochemical reactions are suppressed in 
the oxygen-free environment; 2) more active electrochemical phenomena are 
in favor of the bipolar resistive switching behavior; and 3) electrochemical 
phenomena can cause obvious surface deformation which can be attributed to 
the phase transition of TiO2. 
In this chapter, TiO2 resistive switching cells are assembled in the form of a 
lateral configuration rather than the vertical configuration. These lateral 
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resistive switching cells are configured by placing two metal electrodes on the 
sample surface. Different from the vertical cells, these lateral cells have large 
surface area and hence may involve more surface electrochemical phenomena 
since the length of the conductive path (the distance between two electrodes) 
is larger for the lateral cells than that for the vertical cells. Therefore, this 
chapter will focus on the electrochemical phenomena under an in-plane 
electrical field. Those phenomena include the topographic changes, ionic 
movements, and electrochemical reactions. Similarly, the influence of the 
electrochemical phenomena on the resistive switching performance of the 
laterally configured TiO2 RS cells will be investigated by using a series of 
advanced SPM-based techniques, including c-AFM, ESM, FORC-ESM, and 
FORC-IV.   
6.1 Phenomenological observations of electrochemical phenomena 
during the resistive switching of TiO2 
Similar to the studies on the vertically configured TiO2 RS cells, c-AFM 
technique is used in this chapter to study the resistive switching behavior of 
the laterally configured TiO2 RS cells. During the c-AFM measurements, a 
triangle bias wave with the frequency of 0.1 Hz [Figure 6.1(a)] is applied on a 
10 × 10 grid within an area of 3 × 3 µm2. To gain an enough statistic 
observation of the resistive switching behavior of the TiO2 thin film samples, 
the I-V curves at these 100 points are averaged and the averaged I-V curve is 
 117 
 
shown in Figure 6.1(b).  From this average I-V curve, the resistive switching 
behavior of TiO2 thin film can be observed, i.e., the TiO2 thin film sample 
displays the conductivity change as the swept voltage exceeds a threshold 
value, independently of the bias polarity. Furthermore, the resistive switching 
behavior under the positive sample bias is much more significant than that 
under the negative sample bias, as the threshold voltage to initiate the 
conductivity change under the positive bias is around 4 V and the maximum 
current is about 3.5 nA, whereas these values under the negative bias are 
around - 4 V and only 0.5 nA.  
Figure 6.1(c) is the surface topography of the TiO2 sample after c-AFM 
measurements. Local deformation (bright spots) can be seen at the locations 
where the c-AFM tip contacts with the sample surface and the bias is applied. 
It was reported that the topographic change was a good indicator of the onset 
of an irreversible electrochemical processes.147 Therefore, the observed local 
deformation spots after the c-AFM measurements well illustrate the 
preponderance of the electrochemical phenomena during the resistive 
switching processes of TiO2.  
Figure 6.1(d) is the current image (scanned with 1 V) of the TiO2 thin film 
after the c-AFM measurement, which does not show any conductivity 
variation over the sample surface. This indicates that those local deformation 
spots do not show any significant different conductivity from that in the non-
deformed regions in the thin film. This observation is different from the 
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surface deformation of the vertically configured TiO2 RS cells in which the 
surface deformation spots have a higher conductivity than that of the regions 
without deformation, (Figure 5.8) indicative of a different mechanism of the 
surface deformation under the in-plane configuration. 
 
 
Figure 6.1 (a) The bias waveform used for the c-AFM measurement of the 
resistive switching performance of TiO2; (b) I-V characteristic averaged over 
the points of a 10 × 10 grid; (c) the height image showing the topographic 
change after the c-AFM measurement; and (d) the current image scanned with 
1 V indicating the conductivity contrast after the c-AFM measurement. 
 
6.2 Characteristics of the electrochemical phenomena 
Based on the above discussion, the surface deformation is a good indication 
for the electrochemical phenomena. Therefore, in this section, we will focus 
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on the bias induced surface deformation to explore the characteristics of the 
electrochemical phenomena beneath the SPM tips. 
6.2.1 The bias amplitude/polarity dependence of the electrochemical 
phenomena 
In order to investigate the differences of the electrochemical phenomena under 
different biases, dc biases with various amplitude and polarity are applied on a 
6×6 grid (within an area of 2×2 µm2) of the TiO2 sample surfaces and the 
topographic changes (the scanning area increases to 3×3 µm2) are imaged by 
the AFM technique. The AFM height images are shown in the column a of 
Figure 6.2. The bias amplitude and polarity dependence of the topographic 
changes can be clearly observed: i) when increasing the bias amplitude, the 
topographic changes start to appear when the applied bias reaches to a 
threshold value, i.e., the -6 V for the negative bias application and the 4 V for 
the positive bias application [the topographic is slightly ambiguous and 
marked in the blue circle in Figure 6.2(a2)]; and ii) the topographic changes 
under positive biases are much more significant than those under negative 
biases, for example, when applying biases with the amplitude of 6 V, local 
deformation spots can be clearly observed under the positive bias [Figure 





Figure 6.2 (a1)-(a6) The height images and (b1)-(b6) the resonance amplitude 
images obtained by ESM imaging mode after biasing over a 6 × 6 grid with dc 
biases of: (1) 2 V ; (2) 4 V; (3) 6 V; (4) -2 V; (5) -4 V; (6) -6 V. 
 
In addition to the bias amplitude/polarity dependent surface deformation, it is 
also noted that in the red circle of Figure 6.2(a3) the local deformation spot 
disappears, which may be removed by the SPM tip. A ‘concave spot’ appears 
after removing the deformation spot. This suggests that the deformation spot 
formation processes may involve the accumulation and removal of the 





6.2.2 The irreversibility of the electrochemical phenomena 
 
Figure 6.3 (a) The bias waveform with different polarities; and (b) the 
topography after the application of the bias waveform in (a) 
 
It can be also observed that, independent of the polarity of the applied bias, the 
topography changes in TiO2 thin film can be observed, i.e., the local 
deformation spots are generated at the tip-sample contact junctions. To prove 
that this topographic change process is irreversible, a positive bias followed by 
a negative bias is applied on the sample surface [Figure 6.3(a)]. The 
topographic changes after application of these custom biases are shown in 
Figure 6.3(b) with deformation spots being clearly visible, confirming the 
irreversibility of the topographic change. This irreversible surface deformation 
may be originated from the damage of the crystalline lattice due to the 
electrochemical processes.147 
6.3 Investigate the electrochemical/ionic effects of TiO2 under 
electrical field 
According to the above results, the electrochemical phenomena manifesting as 
the topographic changes are prevalent when applying electrical field on the 
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sample surface through the SPM tips. In order to gain insight to the 
electrochemical processes especially preceding the surface deformation in the 
vicinity of tip-sample junctions, ESM technique is applied. As discussed in the 
previous chapters, during the ESM measurements an external bias is applied 
on the sample surface through the ESM tip, triggering the ionic diffusion and 
further the electrochemical reactions. Due to the intrinsic link between the 
ionic concentration and/or oxidation states of the host cations and the molar 
volume of materials, the activated ionic movements and electrochemical 
reactions can result in the surface displacement which can be detected by the 
ESM tip to provide information about the local ionic/electrochemical 
phenomena of materials. ESM measurements can also be applied in two 
modes, i.e., the ESM imaging mode and the ESM voltage spectroscopy mode. 
Generally speaking, the ESM measurements can result in five images, 
including height, resonance amplitude, resonance phase, resonance frequency 
and Q-factor. Among them, the resonance amplitude image is proportional to 
the ionic concentration/electrochemical activity165 and this image will be 
mainly discussed in this chapter. 
Before the ESM imaging, dc biases are applied on a 6 × 6 grid over an area of 
2 × 2 µm2 to trigger the possible electrochemical phenomena such as the ionic 
distribution, electrochemical reactions, and surface deformation. Thereafter, 
ESM imaging mode are conducted with a high-frequency (~220 kHz) ac bias 
(with 1 V amplitude) being applied on the SPM tip. Given the low amplitude 
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and high frequency of the ac bias during ESM measurements, this ac bias does 
result in neither the surface deformation nor the ionic distribution.165 
The amplitude images are shown in the column b of Figure 6.2, and they 
illustrate the ionic/electrochemical effects after applying various dc biases on 
the sample surface. The bias amplitude-/polarity-dependent ESM amplitude 
contrast can be observed, i.e., similar to the bias amplitude-dependence of the 
topographic changes, the ESM amplitude contrast can be detected when the 
bias amplitude exceeds a threshold value, for instance, a positive bias of 6V as 
shown in Figure 6.2(b3). Furthermore, samples under negative biases show 
more apparent ESM amplitude contrast than those under positive biases; for 
example, the ESM amplitude contrast can be observed when applying -2 V on 
the sample surface. Note that the bias polarity-dependence of the ESM 
amplitude contrast is contrary to that of the polarity-dependence of 
topographic changes, indicative of different mechanisms underlying the 
surface deformation and ESM responses. 
Comparing the ESM amplitude images with the height images in the column a 
of Figure 6.2, it can be found that the ESM amplitude contrast appears prior to 
the appearances of the topographic change, which indicates that the ionic 
movements or electrochemical reactions have been initiated before the local 
deformation. In addition, reminiscence of the reverse polarity-dependence of 
the ESM amplitude contrast and the topographic changes, it can be concluded 
that the height images and the ESM amplitude images illustrate different 
 124 
 
sections of electrochemical phenomena when applying the electrical field on 
the sample surface. The ESM amplitude images can provide information on 
the early stage of the electrochemical phenomena, whereas the height images 
can describe the late stage of the electrochemical phenomena. 
 
 
Figure 6.4 (a) The bias waveform used for the FORC-ESM measurement; (b) 
ESM response loops at various bias amplitude; (c) the height image obtained 
by the ESM imaging mode showing the topographic change after the FORC-
ESM measurement; (d) the resonance amplitude image obtained by the ESM 
imaging mode demonstrating the electrochemical/ionic effects during the 
FORC-ESM measurement; and (e) the loop areas [of the loops in (b)] as a 
function of the bias amplitude. 
 
In addition to the ESM imaging measurements discussed above, ESM voltage 
spectroscopy is an effective tool to provide information on the bias-induced 
ionic processes below the SPM tip. However, it was reported that, due to the 
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intrinsic limitation of the ESM voltage spectroscopy as well as the ESM 
imaging, the in-situ evolution of the ESM responses are difficult to observe.170  
To address this challenge, ESM voltage spectroscopy is conducted in the first-
order reversal curves (FORC) mode, referred as the FORC-ESM.157 For the 
FORC-ESM measurement, a series of triangular biases with increasing 
amplitude is applied on the sample surface through the ESM tip [Figure 
6.4(a)], and the ESM responses (in the form of the hysteresis loops) are 
recorded as a function of the bias amplitude. The onset and the evolution of 
the bias-induced ionic processes can be identified according to the relationship 
between the loop opening (or the loop area) and the bias amplitude.157, 165 
In this part, the FORC-ESM measurements with the applied bias waveform 
[Figure 6.4(a)] are conducted on a 10 × 10 grid over a 3 × 3µm2 area. These 
biases are cycling biases similar to that of I-V curve measurements; therefore, 
the FORC-ESM measurements can provide the information on the 
electrochemical/ionic effects during the resistive switching processes. Figure 
6.4(b) shows the averaged ESM hysteresis loops (over the points of the 10×10 
grid) as the bias amplitude increases. It is found the loops are closed when the 
bias amplitude is below 2 V. When the bias is increased to a higher level, the 
loops start to open and the loop area increases as the bias amplitude increases, 
this indicates the ionic motion is activated at this value. This evolution of the 
ESM hysteresis loops can also be demonstrated by the curve of loop area vs. 
the bias amplitude curve [Figure 6.4(e)]. By conducting FORC-ESM on TiO2 
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sample surface, it can be found that during the resistive switching processes, 
the ionic movements initiate at 2 V and the ionic movements proceed further 
as the bias amplitude increases. The topographic changes and the ESM 
amplitude contrast after the FORC-ESM measurements can be observed in 
Figures 6.4(c) and 6.4(d), respectively, demonstrating that the local 
deformations and the ions diffusion during the FORC-ESM measurements. 
6.4 Differentiate the ionic and electronic behavior during the 
resistive switching processes 
Characterizing I-V curves is a well-developed approach to explore the 
resistive switching system. When the applied bias is low, the bias cannot alter 
the chemical state of materials, the forward and reversal parts of I-V curve are 
coincident each other and thus the I-V curve is non-hysteretic. When the 
applied bias is sufficiently high to induce certain processes (such as, ionic 
polarization or local redox) of which the relaxation is generally slow and 
associated with the significant kinetic or thermodynamic hysteresis, the I-V 
curve shows the nature of the hysteresis and the hysteresis loop will open.170 
Hence, in order to differentiate the ionic and electronic behavior of TiO2 
during the resistive switching processes, FORC-IV measurements are 




Figure 6.5 (a) The results of FORC-IV measurements: the evolution of I-V 
curves with the variations of the bias amplitude; the inset shows the loop area 
as a function of the bias amplitude; and (b) the height image obtained by the c-
AFM imaging mode, revealing the topographic change of the sample surface 
after the FORC-IV measurement. 
 
During the FORC-IV measurements, a bias wave as showed in Figure 6.4(a) is 
applied on the sample surface and the current across the junction of the SPM 
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tip and sample surface is measured. The averaged I-V curves are presented in 
Figure 6.5(a), showing that the I-V curve is closed until the absolute value of 
the bias reaches to 4 V. This can be also found from the inset of Figure 6.5(a), 
i.e., the hysteresis loop area vs. the bias amplitude. It is shown the turning 
point appears at the voltage around 4 V, which implies the onset of the 
electrochemical phenomena involving the participation of ions. On the other 
hand, the set voltage (at which the system transforms from a high resistance 
state to a low resistance state) of TiO2 is found to be about 4 V [Figure 6.1(b)], 
this suggests that the ionic movement may impact the resistive switching 
behavior of TiO2. In addition, topographic differences between the as-grown 
film and the points where voltage is applied can be observed from Figure 
6.5(b), indicating the deformation induced after the FORC-ESM 
measurements. 
6.5 Probe the electrochemical reactions beneath the SPM tip 
Before discussing the specific electrochemical reactions occurred at the 
vicinity of the junction of the SPM tip and sample surface, a brief summary of 
the observed electrochemical phenomena of TiO2 under an electrical field is 
needed. Firstly, local deformation is generated at the tip-sample junction, and 
this deformation is bias amplitude- or polarity-dependent and possibly 
involves the irreversible accumulation of materials on the sample surface. 
Secondly, ESM measurements, including the ESM imaging and FORC-ESM 
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measurements, demonstrate that the bias induces ionic movements and/or 
electrochemical reactions. These ionic and electrochemical effects also depend 
on the bias amplitude and polarity. Thirdly, FORC-IV measurements indicate 
that the ions, in the form of the ionic polarization or electrochemical redox, 
take place during the resistive switching processes.  
In order to show the detailed processes stimulated by the electrical field at the 
vicinity of the tip-sample junction, a schematic drawing (Figure 6.6) is used to 
illustrate the c-AFM setting as well as the ionic processes during the 
measurements. It can be seen that voltage is applied to the sample surface 
through two electrodes: one is the Ag, formed by the silver paste; the other one 
is the SPM tip (Pt coated Si tip). The current through the two electrodes and 
sample surface is measured during the c-AFM measurements. The surface 
displacement rather than the current is measured during the ESM based 
experiments, i.e., the ESM imaging and FORC-ESM. Since the c-AFM and 
ESM mainly detects the bias induced variation (current or deformation) 
around the tip-sample junction, the following discussion will be focused on the 




Figure 6.6 (a) The schematic of the c-AFM measurements in this work: 
current through the circuit consisting of TiO2 thin films and two metal 
electrodes (the Pt-coated AFM tip and deposited Ag particle) is detected; (b) 
the schematic of the filament mechanism of the resistive switching of TiO2: 
the distribution and cluster of oxygen vacancies driven by the electrical field 
can form the conductive filaments leading to the switch of the resistance; (c) 
the schematic of electrochemical reactions occurring at the tip-sample junction 
when applying the negative bias; and (d) when applying the positive bias. 
 
TiO2 is a well-known electronic-ionic oxide with oxygen vacancies as the 
dominant mobile ions at the room temperature.126 Under the electrical field, 
the oxygen vacancies can result in the redox reaction as shown by: 
𝑂𝑥 ⇆ 𝑉𝑂
.. + 2𝑒− +
1 
2
𝑂2                                             (6.1) 
where 𝑉𝑂
∙∙ represents the oxygen vacancy.  
The oxygen vacancies can also move along the direction of the electrical field 
to form the conductive paths, resulting in the change of the resistance [Figure 
6(b)].17, 22 In addition, it is noted that all of the SPM-based measurements, 
 131 
 
including c-AFM, ESM, FORC-ESM, FORC-IV, are conducted in the ambient 
air environment. A water meniscus is possibly formed on the tip-sample 
surface junction when it is exposed in the ambient air environment. With this 
water meniscus at the tip-sample junction, the electrochemical reactions may 
be activated when the biased ESM tip contacts with the sample surface or the 
grounded c-AFM tip contacts with biased sample surface.174, 175 In such case, 
the water molecules may serve as electrolyte for the electrochemical reaction, 
for example, water molecules can be oxidized when the sample surface is 
negatively polarized denoted as: 
2𝐻2𝑂 + 4𝑒
− + 𝑂2 ⇌ 4𝑂𝐻
−                                      (6.2) 
Whereas the water splitting when the sample surface is positively biased can 
be written as: 
2𝐻2𝑂 ⇌ 4𝐻
+ + 4𝑒− + 𝑂2                                        (6.3) 
Figure 6.6(c) and 6.6(d) schematically show the resulted electrochemical 
reactions including the ionic movements triggered by the electrical field below 
the SPM tip. When the sample surface is negatively biased, the oxygen 
vacancies originally existed in the sample can move toward to the cathode, 
i.e., the Ag electrode in this study, this movement results in the deformation 
that can be measured by ESM. Furthermore, the water molecules in the 
meniscus can be oxidized to generate 𝑂𝐻− which can react with the 𝑇𝑖
𝑛+ ions 
on the TiO2 surface to form 𝑇𝑖(𝑂𝐻)𝑛 particles. This can also contribute to the 
ESM deformation and may be further to the topographic changes. On the other 
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hand, when the sample surface is positively biased, the oxygen vacancies can 
move towards the ESM tip, and the 𝐻+ originated from the water reduction 
reaction can migrate into the lattice of TiO2, causing the topographic change of 
TiO2 under the positive bias. 
 
 
Figure 6.7 (a1)-(a2) The height images and (b1)-(b2) the resonance amplitude 
images obtained by ESM imaging mode in the synthetic air (H2O < 5ppm) 
after applying the dc biases of (1) 6 V;  and (2) -6 V; Both are over a 6× 6 grid. 
 
Based on the above discussion, H2O molecules are necessary for the particle 
formation, i.e., the topographic change beneath the ESM tip; and the ESM 
contrast in the environment without moisture is expected to be less significant 
than that in the ambient air due to the absence of the 𝐻+  and 𝑂𝐻−  in the 
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former. To approve this, similar experiments are conducted in the synthetic air, 
in which the water content is less than 5 ppm. It can be found in Figure 6.7 
that no topographic changes can be detected and ESM contrasts are actually 
less than those showed in the Figure 6.2(b3) and Figure 6.2(b6). Therefore, it 
can be concluded that the surface deformation spots (or topographic change) 
stem from the redox reactions in the presence of the water molecules, in the 
form of 𝐻+ and 𝑂𝐻− ions, as well as the oxygen vacancies movement induced 
by the electrical field. 
6.6 The effects of the electrochemical phenomena on the resistive 
switching property of TiO2 
 
Figure 6.8 The I-V curves at two sequential cycles in (a) the ambient air, and 
(b) the synthetic air (H2O < 5ppm). 
 
In order to gain the insight on the effects to the resistive switching of TiO2 by 
the electrochemical phenomena including the topographic changes and the 
activation of the ionic movements on the resistive switching of TiO2, I-V 
curves are measured in the ambient air and the synthetic air, respectively. 
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Figure 6.8 shows the averaged I-V curves over 100 points. Figure 6.8(a) is the 
average I-V curve of TiO2 at two sequential cycles in the ambient air, with 
obvious differences of the resistive switching behavior being presented. From 
Figure 6.1(c) and Figure 6.1(d), the local deformations are found to be formed 
at the first cycle and the formed spots do not alter the conductivity of the TiO2 
film. However, Figure 6.8(a) shows that the formation of the local deformation 
can change the resistive switching behavior of the TiO2 samples, which may be 
caused by the reduction of the number of mobile ions due to the deposition 
of 𝑇𝑖(𝑂𝐻)𝑛. On the contrary, Figure 6.8(b) demonstrates that, in the synthetic 
air, no resistive switching behavior of TiO2 can be detected. As it was 
discussed before, when the measurements are conducted in the synthetic air, 
very few ions, such as  𝐻+ and 𝑂𝐻− , can be generated under the electrical 
field.  However, 𝐻+  and 𝑂𝐻−  were reported to participate in the resistive 
switching processes of electrochemical metallization (ECM) cells.175 Thus it 
can be seen that the ions generated by the electrochemical processes beneath 
the SPM tip have significant effects on the resistive switching behavior of 
TiO2, which may be due to the fact that the ions can assist the charge transfer 
at the tip-sample junction as well as the conductive path formed on the sample 
surface.  
6.7 Summary 
In this chapter, the in-plane TiO2 resistive switching cells consisting of two 
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metal electrodes (with one is the Pt-coated AFM tip, and the other one is the 
deposited Ag) are configured and studied by various SPM techniques, 
including c-AFM, ESM, FORC-ESM and FORC-IV techniques. The 
electrochemical phenomena of this in-plane TiO2 resistive switching cells 
during the resistive switching processes, including the topographic changes, 
ionic polarization and distribution, and electrochemical reactions are studied. 
The c-AFM measurements show that local deformation at the vicinity of the 
tip-sample junctions is generated when TiO2 sample is biased at the ambient 
air environment. Such local deformation is further supported by ESM 
measurements in the ambient air environments.  
The results can be summarized as following: 1) the local deformation is bias 
amplitude- and polarity-dependent; 2) the deformation involves the ionic 
movements; and 3) the deformation also requests the existing of the water 
layer on the junction of the tip-sample surface. In addition, the FORC-ESM 
measurements demonstrate the ionic movements initiate at the voltage smaller 
than the set voltage at which TiO2 is switched from HRS to LRS. The FORC-
IV measurements show that the ions are involved in the resistive switching of 
TiO2. Combining with the close electrical cell, similar experiments are 
conducted in the moisture-free synthetic air. The comparison of the results 
from the ambient air and synthetic air demonstrates that the local deformation 
during the resistive switching processes are attributed to the distribution of 𝐻+ 
and 𝑂𝐻− ions into the lattice of TiO2, while the 𝐻+and 𝑂𝐻− ions are formed 
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due to the electrochemical reactions at the vicinity of the tip-sample junction.  
The migration and distribution of 𝐻+ and 𝑂𝐻− ions in the lattice of TiO2 can 
assist the electron transfer, which may be responsible for the variations of 
resistive switching processes of the TiO2 at different cycles (Figure 6.8) and 
between different environments. These findings have demonstrated the 








Conductivity variations of 










Conductivity variations of VO2 induced by multiple stimuli 
 
Vanadium dioxide (VO2) has attracted great attention due to its unique 
property, i.e., VO2 undergoes a phase transition between the metal and 
insulator as the temperature reaches to a threshold value which is near room 
temperature.191 For example, when the temperature is raised to 68℃, the VO2 
transforms from insulator to metallic phases, which is associated with a 
structural phase transition from monoclinic structure (insulating) to tetragonal 
structure (metallic).192 Coupling with the structural transition, the electrical 
conductivity and the optical transparency are altered dramatically, which 
inspires the applications of VO2 as memristors,
117, 193 actuators,194, 195 and 
sensors.196, 197 These applications of VO2, in turn, promote the research on the 
property modulation (or the phase transition) triggered by multiple stimuli 
such as the temperature, mechanical stress or strain, and electrical field. On 
the other hand, the metallic VO2 has a rutile structure. Therefore, the 
conductivity variations of VO2 induced by the temperature, mechanical stress 
and electrical field are explored in this study and the results are discussed in 
this chapter. 
7.1 Temperature induced conductivity variations of VO2 
As mentioned previously, VO2 undergoes a phase transition from insulating to 
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metallic phases when it is heated to the temperature around 68℃. In order to 
investigate the temperature induced conductivity variations of the PLD 
deposited VO2 thin films, in this work, a combination of c-AFM and a heating 
stage (Polyheater, Asylum Research, CA USA) is used, so that the 
conductivities are measured as function of temperatures.  
During the measurements, the sample is heated to each pre-defined 
temperature at a heating rate of 50℃/min. After holding the target temperature 
for 10 mins to assure the temperature stability, c-AFM with the imaging mode 
is conducted to investigate the conductivity variations of VO2 as a function of 
temperature. It should be noted that the heating stage is still on in order to 
keep the temperature constant until the end of the c-AFM measurements.  
Figure 7.1 shows the current images with a scanning voltage of 0.2 V at 
different temperatures. ‘RT’ in Figure 7.1(a) refers to the room temperature 
before heating. From Figure 7.1(a), the initial resistance state of the VO2 thin 
film is found to be at insulating state with the small current range with several 
pico-amperes (pA) only. This insulating state remains until the temperature 
rises up to 70℃ as the current sharply jumps from the pica-ampere (pA) range 
to the nano-ampere (nA) range [Figure 7.1(e)]. Bright regions in Figure 7.1(e) 
correspond to the high current and thus the conductive phases. Figure 7.1(f) 




However, based on the current experiment conditions, especially the 
temperature control precision of the heating stage, it is difficult to precisely 
change the temperature by a small step such as 1℃. Hence, the transition 
temperature (the threshold temperature where the phase transition occurs) may 
not be exactly at 70℃. Nevertheless, we can still confirm that the conductivity 
of the VO2 thin film can be modulated by the temperature, which can be 
attributed by the phase transition triggered by the temperature. With respect to 
the transition temperature, further study needs to be conducted with improving 
the temperature control precision in the future. 
 
 
Figure 7.1 Current images of VO2 as a function of temperature: (a) room 




7.2 Mechanical stress induced conductivity variations of VO2  
7.2.1 Observations of the mechanical stress induced conductivity 
variations of VO2 
As mentioned in the last section, the conductivity increase is associated with 
the phase transition from the monoclinic phase to the tetragonal phase. Due to 
the different symmetry, the monoclinic phase and tetragonal phase show 
different capabilities to accommodate the mechanical stress (or strain). 
Therefore, the mechanical stress or strain is expected to play a major role in 
controlling the phase transition in the VO2 and hence modulating the 
conductivity of the VO2.
198 In order to exploit whether the conductivity of the 
VO2 thin films can be tuned by an external mechanical stress or strain, the 
sample surface is first indented with the micro hardness tester, resulting in the 
residual stress field around the indents. Then the c-AFM measurements are 
conducted around the indentation sites. 
On the other hands, it is well known that the c-AFM is operated in a contact 
mode. This means the conductive tip always contacts with the sample surface 
during the measurements. By adjusting the set point (SP) during the c-AFM 
measurements, the imposed mechanical stress on the sample surface can be 
modulated. For the SPM system used in this work (MFP-3D, Asylum 
Research, CA, USA), the value of set point (SP) is adjusted in volt. According 
to the Inverse Optical Lever Sensitivity (nm/V) of the SPM system and the 
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spring constant of the c-AFM probe, the correspondence between the SP 
values and the imposed contact force can be identified. The Inverse Optical 
Lever Sensitivity (IOLS) of the SPM system and the spring constant of the c-
AFM tip (PtSi-FM-20, Nanosensors) are 23.41 nm/V and 4.28 nN/nm, 
respectively. Therefore, the conversion between the mechanical force and the 
SP can be expressed as: 
contact force = SP × IOLS × spring constant = 23.41 × 4.28 × SP       
= 100.19 SP                                                                                 (7.1) 
whereas the SP is in volt (V) and the contact force is in nN. The contact force 
imposed by the c-AFM tip on the sample surface is found to increase linearly 
with the set point values (SP). For the simplification purpose, the set point 
value is used to show the magnification of the contact force.  
Figure 7.2 shows the c-AFM images with different SP values, of which the 
height images and deflection images provide information about the 
topographic changes as the set point (contact force) increases, and the current 
images demonstrate the conductivity variations as the set point increases. 
From the height image and the deflection images, it can be found that the 
boundaries between grains become blurred as the contact force increase 
(Figure 7.2), which is resulted from the increased contact area due to the 
increase of the contact force. The bright spots corresponding to the high 
conductive regions are also increased and expanded with the increases of the 
contact force, which can illustrate the mechanical stress induced conductivity 
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enhancement. As discussed earlier, one possibility is that increasing the 
contact force can lead to the increase of the contact area, which can reduce the 
contact resistance and hence increase the current (conductivity). One question 
raised here is whether the conductivity enhancement is originated from the 




Figure 7.2 (a1)-(a4) Images of the height, (b1)-(b4) the deflection, and (c1)-
(c4) the current with different set point values. According to the spring 
constant of the c-AFM probe, the SP of 0.2 V, 0.4 V, 1.0 V, and 2.0 V can be 
converted to the imposed contact force of around 20 nN, 40 nN, 100 nN, and 
200 nN, respectively. 
 
In order to answer this question, the imaging c-AFM is conducted with 
different set point values. For the multiple scanning, a smaller box is firstly 
scanned with one set point, and sequentially a larger box including the smaller 
box is scanned with another set point. As shown in Figure 7.3, the area with 
the red box is firstly scanned with a set point of 3.0 V, and a larger area is then 
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scanned with a set point of 0.2 V. It can be clearly seen that the area scanned 
with a larger set point (3.0 V) shows more indistinct ground boundary and 
higher conductivity. Since images in Figure 7.3 are scanned using the same c-
AFM tip with the same set point, the influence of the contact area change on 
the conductivity can be excluded. Therefore, it can be concluded that the 
conductivity enhancement is attributed to the increase of the contact force 
imposed by the c-AFM tip, rather than the increase of the contact area. In 
addition, it is worthy to note that the topographic change as the conductivity 
increases with the contact force, i.e., the grain boundaries become blur and 
grains tend to expand laterally.   
 
 
Figure 7.3 (a) The deflection image and (b) current image obtained by c-AFM 
scanning. Before scanned with the set point of 0.2 V, the small area within the 
red box was scanned with the set point of 3.0 V. 
 
To further confirm that the conductivity variation is stemmed from the contact 
force, the number of the total points (lines × points/line) of the c-AFM 
scanning is changed. This number represents the quantity of locations where 
the c-AFM tip contacts with the sample surface and the contact force is 
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imposed. If the conductivity increase is caused by the contact force, the 
current of the scanned area is expected to increase as the number of the total 
points increases because more points can be pressed by the c-AFM tip to 
produce the current. Current images with two different point numbers, i.e., 
128×128 and 1024×1024, are presented in Figure 7.4, which in both 2D and 
3D view can prove the assumption that applying the contact force can induce 
the conductivity.  
  
 
Figure 7.4 (a), (c) Current images obtained with point number: 128 ×128; and 
(b), (d) current images with point number: 1024 ×1024. 2D view of the current 




7.2.2 Mechanisms of the mechanical stress induced conductivity 
variations of VO2 
The above discussion illustrates that a contact force can be exerted on the VO2 
surface during the c-AFM measurements, consequently resulting in the 
conductivity variations of the VO2 thin film samples. However, a small 
electrical field may still exist when imposing the contact force by the c-AFM 
tip. In order to avoid the influence of the electrical field on the conductivity of 
VO2, a micro-indentation test is conducted on the sample surface and followed 
by c-AFM measurement. Before the c-AFM scanning, the VO2 thin film 
samples are indented by the Vickers diamond indenter in the microhardness 
tester, this creates indentations on the sample surface and hence residual 
stresses around the indents. The residual stress distribution varies with the load 
magnitude and the distance from the indentation center. After the indentation 
on the sample surface, c-AFM scanning is conducted to measure the 
conductivity variations near the indents, aiming to explore the relationship 
between the indentation imposed stress and the conductivity variations. 
Indentations with two loads, 0.98 N and 1.96 N, are used in this work. The 
deflection images and the current images for the regions around indentations 
are shown in Figure 7.5. It illustrates the shape of Vickers indentations and the 
current distribution around the indentations, respectively. The current image of 
the area around the larger indentation [1.96N, Figure 7.5(d)] has higher 
conductivity than the area around the smaller indentation [Figure 7.5(b)], 
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which can be observed by comparing the average current of these two current 
images, i.e., 58.65 pA in Figure 7.5(b) and 184.43 pA in Figure 7.5(d). This 
implies that the higher stress can cause the increase of the conductivity, which 




Figure 7.5 (a) The topographic observation; (b) the current distribution (with 
the scan voltage of 0.5 V) of the indentations induced by the load of 0.98 N; 
(c) the topographic observation;  and (d) the current distribution (with the scan 
voltage of 0.5 V) of the indentations induced by the load of 1.96 N; 
 
The stress is reported to be much higher for the regions close to the 
indentation diagonal corners.199-202 In order to explore the relationship between 
the indentation residual stress and the conductivity of VO2 thin film sample, a 
small area containing the indentation diagonal corner [see the blue box in 
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Figure 7.6(a)] is scanned by c-AFM with 0.5 V. Figure 7.6(b) is the current 
image and show more bright spots near the corner of the indentation 
impression. This current concentration near the corner of the indentation 
impression can be observed from the current profile [Figure 7.6(c)] along the 
blue line in Figure 7.6(b). It is found that the current is significantly 
concentrated in the middle of the line, i.e., in the region close to the corner of 
the indentation impression. Hence, it can be concluded that the stress can lead 
to the increases of the conductivity of VO2. 
 
 
Figure 7.6 (a) Topography of the Vickers diamond-shaped indentation; (b) 
current distribution over the area in the blue box of (a); (c) current profile 
along the blue line in (b); (d) detail view of the area within the green box in 
(b); (e) detail view of the area within the red box in (d); and (f) the I-V 
characteristic at the location marked in (e). 
 
Another possibility of higher current at the indentation edge is that due to the 
pile up after the indentation,202 in which the metallic platinum in the substrate 
 149 
 
is caused to be exposed during the pile up process. In order to test if the 
metallic platinum is exposed during the indentation and if the increased 
current at the indentation edge is resulted from the exposed platinum or the 
stress concentration by indentation, the c-AFM measurements are conducted 
and the I-V curves are recorded at the bright spots in the corner of the 
indentation impression. Figure 7.6(f) shows the I-V curve at the red point in 
Figure 7.6(e). It is found the I-V curve does not show the linear relationship 
that is supposed for platinum. Therefore, it can be concluded that the current 
increase at the indentation edge is attributed to the stress concentration during 
the indentation. 
These mechanical stress induced conductivity variations can be explained by 
the structural change accompanying the MIT in VO2. As VO2 changes from a 
monoclinic insolating phase to a tetragonal metallic phase, the lattice constant 
along the monoclinic a axis (or equivalently c axis of the tetragonal phase) 
shrinks by ~1%.203 The mechanical stress is believed to have a strong effect on 
the appearance and stability of the phases during the MIT, for example, a 
compressive stress can stabilize the metallic phase of VO2, consequently 
resulting in the conductivity variations. 
7.2.3 The evolution of the conductive phases of VO2 as increasing the 
mechanical stress 
From the results presented above, it can be concluded that the phase transition 
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triggered by the mechanical stress is responsible for the conductivity 
enhancement in VO2. By carefully examining the current images with different 
set points (contact force), the evolution of this mechanical stress triggered 
phase transition can be revealed. Figure 7.7 shows that the conductive phase 
expands and new conductive phase grows as the set point or the contact force 
increases during the c-AFM measurements, indicating that the nucleation and 




Figure 7.7 (a1)-(a3) The evolution of the topography; (b1)-(b3) the evolution 
of the current (2D view); and (c1)-(c3) the evolution of the current (3D view) 
as the contact force increases. According to the spring constant, the set point 
value of 0.2 V, 0.4 V and 0.8 V correspond to the contact force of 10 nN, 40 




7.3 Electrical field induced conductivity variations in VO2  
In addition to the effects of temperature and mechanical stress, the electrical 
field is another widely-used stimuli to activate the phase transition of VO2. In 
this section, by adjusting the scanning voltages of c-AFM measurements, the 
conductivity variations induced by the electrical filed in VO2 thin film sample 
are investigated.  
7.3.1 Observation of the electrical field induced conductivity variations of 
VO2 
Figure 7.8 shows the topography and the current distribution of VO2 with 
various scanning voltage with the same set point value of 0.1 V. There are no 
significant topography changes as the scanning voltage increases from 2 V to 
4 V, however, obvious variations of current distribution with the scanning 
voltage can be observed. At the lower scanning voltage, VO2 shows the lower 
conductivity with a smaller current over the scanning area [Figure 7.8(b1)]; 
when the scanning voltage increases to 3 V, the current over the scanning area 
increases, suggesting the improvement of the conductivity [Figure 7.8(b2)]; 
when the voltage continues to increase to 4 V, the current as well as the 
conductivity drops dramatically [Figure 7.8(b3)]. This remarkable drop of the 
conductivity of VO2 when applying 4 V scanning voltage may be caused by 
the degradation of the c-AFM tip, for example, the conductive coating may 
wear out due to the continuous scanning. To test this possibility, a larger area 
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including the previously 4 V written area [in the red box of Figure 7.8(b4)] is 
scanned with 2 V. The conductivity distinction between the regions outside 
and inside the red box can be easily observed, implying that the area written 
by 4 V has been changed into an insulating state. At the same time, since the 
current outside the red box can be detected, the degradation of the c-AFM tip 
can be ruled out as the reason for the conductivity drop. Hence, there must be 
other reasons for the decreasing of the conductivity at 4 V. 
 
 
Figure 7.8 (a1)-(a4) Topography and (b1)-(b4) current distribution obtained 
with various sample voltages: (1) 2V; (2) 3 V; (3) 4 V; and (4) 2 V. 
 
Due to either the Joule heat effect204 or the carrier injection,27 the electrical 
field is expected to facilitate the formation and stabilization of the metallic 
phase, and thus improving the conductivity. However, it is observed in this 
study that the conductivity of VO2 firstly increases as the voltage increases, 
but decreases as the voltage exceeds a threshold, such as 4 V. These electrical 
field induced conductivity variations themselves are unexpected and 




In order to explore the mechanisms responsible for the unexpected 
conductivity variations triggered by the electrical field, larger scanning 
voltages are applied on the VO2 surface. Figure 7.9 show the results, the 
images in the column 1 are the topography and current images of the VO2 
when applying -10 V over a 3×3 µm2 area. After the -10 V writing, a 5×5 µm2 
area including the previously -10 V written area (with the red box) is scanned 
with 2 V (see column 2 in Figure 7.9). Compared with the non-written area 
outside the red box, the area written with -10 V shows the surface deformation 
and it is at the insulating state. Similar results are observed when applying 10 
V on the sample surface (column 3 and 4 in Figure 7.9). Since the surface 
deformation is regarded as an indicator of the electrochemical process, the 




Figure 7.9 (a1)-(a4) Topography and (b1)-(b4) current distribution obtained 
with various sample voltages in the ambient environment: (1) -10V; (2) 2 V; 




7.3.2 The environment dependence of electrical field induced conductivity 
variations of VO2  
As the electrochemical process is dependent on the environment, experiments 
similar to those showed in Figure 7.9 are conducted in the controlled 
environments to verify the effect of the electrochemical processes on the 
conductivity variations under the electrical field. Figures 7.10(a) and 7.10(b) 
show the conductivity variations between the non-written area (outside the 
box) and previously bias-written area (within the boxes) in the synthetic air 
and Argon gas environments. Different from the measurements obtained in the 
ambient air (Figure 7.9), the conductivity of the areas which are previously 
written does not decrease. This demonstrates that the dramatic decrease of the 
conductivity at the biased area can be attributed to the electrochemical process 
underneath the c-AFM tip in the ambient air environment, and once again, 





Figure 7.10 (a) Current images (with a scan voltage of 2 V) obtained in 
synthetic air; before the 2 V scanning, the regions within the white boxes are 
written with 10 V or -10 V; (b) current images (with a scan voltage of 2 V) 
obtained in Argon; before the 2 V scanning, the regions within the green boxes 
are written with 3 V, 4 V, 10 V or -10 V; (c) mapping the surface potential 
after writing the regions within the green boxes with 1 V, -1 V, 3 V or -3 V in 
ambient air; (d) the surface potential map obtained in the synthetic air, and (e) 
the surface potential map obtained in Argon. 
 
It is known that the decrease of the contact potential at the SPM tip-sample 
junction is crucial for the activation and the progress of the electrochemical 
process.147, 205, 206 This potential drop can be qualitatively determined by 
mapping the surface potential using the Kelvin Probe Force Microscopy 
(KPFM) technique. Figure 7.10(c)-7.10 (f) show the surface potential obtained 
in different environments. The areas within the marked boxes are biased with 
different voltages before the KPFM scanning.  It can be seen that only in the 
ambient air condition the surface potential can be significantly altered by the 
applied voltage, which explains the reason for the presence of the 
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electrochemical process due to the moisture in the ambient air condition. This 
in turn confirms that the decrease of the conductivity of VO2 under the 
electrical field is caused by the electrochemical process. 
7.4 Summary 
In this chapter, the conductivity variations of the VO2 thin film are induced by 
multiple external stimuli including temperature, mechanical stress and the 
electrical field. Firstly, the conductivity of the VO2 thin film abruptly increases 
when the thin film is heated to about 70℃, which can be attributed to the 
phase transition from the insulating monoclinic phase to the metallic 
tetragonal phase driven by the temperature.  
Secondly, the conductivity of the VO2 thin film increases with the increasing 
mechanical stress exerted through the c-AFM tip; this observation is further 
confirmed by the c-AFM measurements around the indentation impression, as 
the residual stress introduced by the indentation can cause the changes of the 
conductivity. The results demonstrate the mechanical stress can induce 
conductivity variations. Considering the lattice constant change during the 
phase transition, the mechanical stress or strain affects the stabilization of the 
phases, the mechanical stress or strain induced conductivity variations can 
therefore be understood. 
 Thirdly, the conductivity can be changed by changing the electrical field, but 
it also can be decreased dramatically or even switched into the insulating state 
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when the voltage exceeds a threshold value (e.g. 3 V).  
Finally, we have shown that the conductivity variations with the electrical field 
are possibly associated with the electrochemical processes in the ambient air 
environment. Moisture layer at the tip-sample junction probably plays 














Conclusions and Recommendations 
This project has applied a series of advanced SPM techniques to characterize 
the electrical field induced deformation and current change in three binary 
transition metal oxides thin film samples. Those oxides have two different 
structures, i.e., NiO with sodium chloride structure and TiO2 and VO2 with 
slightly complicated rutile structure. Based on the results presented in the last 
four chapters, general conclusions of the entire research work are presented in 
this chapter. Furthermore, future work regarding the SPM characterization of 
transition metal oxides will be recommended.  
8.1 General conclusions 
The objective of this study is to characterize the resistive switching properties 
as well as the electrochemical/ionic phenomena of three binary transition 
metal oxides by advanced Scanning Probe Microscopy (SPM) techniques. The 
SPM techniques used in this work include Atomic Force Microscopy (AFM), 
Electrochemical Strain Microscopy (ESM), conductive Atomic Force 
Microscopy (c-AFM), and Kelvin Probe Force Microscopy (KPFM). It has 
been experimentally verified the presence of the electrochemical/ionic 
phenomena as the biased SPM tips contact with the surface and electrically 
switch the resistance of NiO, TiO2 and VO2. These electrochemical/ionic 
phenomena have been demonstrated to play a crucial and determinative role in 
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the resistive switching processes of those oxides. Furthermore, other factors, 
including the deposition duration and oxygen partial pressure during the PLD 
(pulsed laser deposition) sample preparation, as well as the moisture in 
ambient air, have been also found to affect the resistive switching behavior of 
those transition metal oxides. In addition, conductivity variations induced by 
multiple external stimuli such as temperature, mechanical stress and electrical 
field in VO2 have been probed by the SPM techniques. The key findings and 
contributions from this study are summarized below. 
Compared with NiO and TiO2, VO2 did not show any hysteresis I-V loops, 
indicating that there was no RS of VO2 in the electrical field. This feature 
limited the application of VO2 as the memory materials like NiO and TiO2. 
But given its acute conductivity change as the temperature, mechanical stress 
and moisture, VO2 can be used as the sensors of thermal, stress and moisture. 
NiO and TiO2 can be used in the RRAM material.  
Comparing the RS of NiO and TiO2, the extent of the ionic/electrochemical 
process could be found to be different in NiO and TiO2: the surface 
deformation, indicative of the irreversible electrochemical process, appeared 
in TiO2 but did not show in NiO. Because that the surface deformation would 
associate with the deterioration of the RS, the RS endurance of NiO was better 
than TiO2.  
The effects of the PLD parameters on the RS of NiO and TiO2 were different. 
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The oxygen partial pressure, which is associated with the oxygen vacancy 
concentration in TMO, can transform the RS between bipolar and unipolar. As 
the oxygen partial pressure (the oxygen vacancy concentration) increases 
(decreases), NiO changed from unipolar to bipolar but TiO2 changed from 
bipolar to unipolar. Another PLD parameter-the deposition duration is related 
to the thin film thickness. The RS of NiO was not observed when the film 
thickness was dropped to 4 nm (corresponding to the deposition of 3 mins), 
and as the film thickness increase, the RS changed from bipolar to unipolar. 
There was not such impact on TiO2 with the film thickness, but surface 
deformation was observed on TiO2 when the film thickness is around 4 nm. 
The main results about different transition metal oxides are presented in the 
following. 
8.1.1 SPM characterization of the resistive switching phenomena of NiO 
The electrochemical/ionic phenomena of the NiO thin films, including ions 
diffusion and electrochemical reactions under the electrical field, are verified 
by using the ESM technique with both imaging mode and voltage 
spectroscopic mode. These electrochemical/ionic phenomena are more 
significant in the ambient air condition, and are largely limited in the 
moisture-free environments, such as synthetic air or Argon gas. 
On the other hand, c-AFM and the FORC-IV measurements in the ambient air 
demonstrate the ionic processes during the resistive switching processes in 
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NiO thin film samples. Compared with the c-AFM and FORC-IV 
measurement results in the moisture-free environment such as synthetic air or 
Argon, an electrochemical reaction induced resistive switching behavior of 
NiO can be found. This means the resistive switching behavior appears in the 
ambient air but disappears in the moisture-free environments where the 
electrochemical reaction is largely limited. This electrochemical reaction 
induced resistive switching behavior can be explained by an integrated 
mechanism including both the filamentary and interfacial effects in the 
Pt/NiO/Pt configurations.  
By controlling the deposition duration and the oxygen partial pressure during 
the PLD processes, NiO thin film samples with various film thicknesses and 
oxygen vacancy concentrations are obtained. The effects of the concentration 
of oxygen vacancy and thin film thickness on the resistive switching behavior 
of NiO are also studied. Firstly, a critical film thickness is found, below which 
the film is at HRS and no resistive switching behavior can be observed, 
whereas above which the RS changes from the bipolar RS into the unipolar RS 
as the film thickness increases; this is most likely due to the improvement of 
the filament strength with the increase of the film thickness. Secondly, it has 
been found that the resistance of NiO at the LRS is strongly dependent on the 
concentration of oxygen vacancies and the film thickness; this can be 
originated from that the strength of the conductive filaments and the 
concentration of the carrier (hole) are affected by the oxygen concentration 
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and the film thickness. Thirdly, the RS behavior of NiO show a transformation 
from the bipolar RS to unipolar RS with the increase of the concentration of 
oxygen vacancies and the decrease of film thickness; this may be attributed to 
the decrease of the filament strength with the increase of the concentration of 
oxygen vacancies and the decrease of the film thickness. Lastly, the negative 
differential resistance (NDR) has been observed during the RS, which may 
originate from the current rectification of the Schottky interface (between the 
Pt and NiO), and this NDR has been found to depend on the film thickness 
8.1.2 SPM characterization of the resistive switching properties of TiO2 
In this study, TiO2 resistive switching cells are configured in two different 
ways, i.e., the vertical and lateral resistive switching cells. For the vertical cell, 
the electrodes are on the top and bottom sides of TiO2 film, and for the lateral 
cell, the electrodes are on the surface of TiO2 film, with one the electrode 
being the Pt coated Si tip. The cells are studied separately and the results are 
summarized below. 
8.1.2.1 The vertical TiO2 resistive switching cells 
The ionic and electrochemical phenomena of the vertical cells under the 
external electrical field are characterized by ESM techniques. It is found that 
these ionic and electrochemical phenomena, including the ionic distribution 
and electrochemical reactions, are irreversible and environment dependent. 
The electrochemical reactions (e.g. the generation and annihilation of oxygen 
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vacancies) can be controlled by the environments, i.e., the electrochemical 
reactions are limited in the oxygen-free environment (Argon gas) and the 
moisture-free environment (synthetic air). On the other hand, I-V curves are 
measured by c-AFM to study the resistive switching behavior of TiO2 cells. 
The resistive switching behavior of TiO2 is found to be environment 
dependent, i.e., the resistive switching behavior presented in the ambient air is 
disappeared in the oxygen-free and the moisture-free environments, indicative 
of a relationship between the resistive switching behavior and the 
electrochemical/ionic phenomena. 
In addition, the effects of the oxygen vacancy concentration and the film 
thickness on the resistive switching behavior are explored. In the ambient air, 
TiO2 samples with a high concentration of oxygen vacancy (corresponding to 
low oxygen partial pressure during film deposition) display bipolar resistive 
switching behavior while TiO2 samples with a low concentration of oxygen 
vacancy (corresponding to high oxygen partial pressure during film 
deposition) show unipolar resistive switching or no resistive switching 
behavior. It is found the thickness of the film does not affect the resistive 
switching behavior of TiO2, however, topographic changes are observed on the 
TiO2 thin films samples when the film thickness drops to 4 nm.  
Moreover, there exists a relationship between the ESM responses and the 
bipolar resistive switching behavior, i.e., the ESM responses can be detected 
on the samples showing bipolar resistive switching behavior. This can further 
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demonstrates the relationship between the resistive switching behavior and the 
ionic and electrochemical phenomena. 
8.1.2.2 The lateral TiO2 resistive switching cells 
For the TiO2 resistive switching cells in the in-plane configuration, the local 
deformation at the vicinity of the tip-sample junctions is generated when TiO2 
sample is biased at the ambient air environment. Such local deformation is 
indicative of the irreversible electrochemical reactions and further 
characterized by ESM techniques. It can be summarized as follows: (1) the 
local deformation is bias amplitude- and polarity-dependent; (2) the 
deformation involves the ionic movements; and (3) the deformation also 
requests the existing of the moisture layer on the junction of the tip-sample 
surface. In addition, the FORC-ESM measurements demonstrate the ionic 
movements initiate at the voltage smaller than the set voltage at which TiO2 is 
switched from HRS to LRS. The FORC-IV measurements also show that the 
ions are involved in the resistive switching of TiO2. Similar experiments 
conducted in the moisture-free synthetic air environment demonstrate that the 
local deformation during the resistive switching processes is attributed to the 
distribution of 𝐻+ and 𝑂𝐻− to the lattice of TiO2. The 𝐻+and 𝑂𝐻− ions are 
formed due to the electrochemical reactions at the vicinity of the tip-sample 
junction. The migration and distribution of 𝐻+ and 𝑂𝐻− ions in the lattice of 
TiO2 can assist the electron transfer, responsible for the variations of resistive 
switching processes of the TiO2 at different cycles (Figure 6.8) and in different 
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environments. These findings have demonstrated the important roles of the 
ionic processes on the resistive switching of TiO2. 
8.1.3 SPM characterization of the conductivity variations of VO2 triggered 
by multiple stimuli 
The conductivity variations of VO2 thin films can be induced by multiple 
external stimuli including temperature, mechanical stress and electrical field. 
Firstly, the conductivity of the VO2 thin film abruptly increases when the thin 
film is heated to ~70℃, which can be attributed to the phase transition from 
the insulating monoclinic phase to the metallic tetragonal phase activated by 
the temperature.  
Secondly, the conductivity of the VO2 thin film increases as the contact force 
(set point) exerted through the c-AFM tip increases. The stress introduced by 
the external loads such as microindentation also induces the conductivity 
variations of VO2. This can be explained by considering the lattice constant 
change during the phase transition: the mechanical stress can affect the 
stabilization of the phases.  
Thirdly, the conductivity can be increased as the external bias increases, but it 
is decreased dramatically or even switched into the insulating state when the 
applied voltage rises to 3 V. The conductivity decrease with the electrical field 
can be attributed to the electrochemical process in the ambient air 
environment. This observation is further confirmed by the experiments in 
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moisture-free environments such as the synthetic air and Argon gas.  
The findings in this study have demonstrated the existence of the 
electrochemical/ionic phenomena underneath the SPM tips as well as their 
influences on the resistive switching behaviour of several transition metal 
oxides, NiO, TiO2 and VO2. This work has provided experimental evidence to 
support the hypothesis that the ionic dynamic and the electrochemical 
reactions are involved and crucial for the resistive switching of transition 
metal oxides. These findings can contribute to a detail understanding of the 
resistive switching of transition metal oxides, especially from a point-of-view 
of ionic/electrochemical processes.  
Meanwhile, although there are a lot of SPM research work to study the ionic 
and electrochemical phenomena of materials, as well as SPM study on 
resistive switching of transition metal oxides, the combining of various SPM 
techniques to reveal the relationships and the roles between the ionic processes 
along with the electrochemical phenomena and the resistive switching 
processes of transition metal oxides is rare and therefore is one of the unique 
features and main contribution of this project.  
In addition, the work in this thesis evidences the advantages of the SPM 
techniques in characterizing the electrical properties driven by multi stimuli in 
oxide materials. Together with the previous studies on using SPM techniques 
to study the ZnO film by the fellow students in our group,38, 39 this work also 
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shows the SPM techniques can be used to characterize the electrochemical 
coupling phenomena of many oxide materials, including those with simple 
rock salt structure (such as NiO), as well as more complicated rutile structure 
(such as TiO2, VO2) and wurtzite structure (such as ZnO). 
8.2 Recommendations 
Based on the results, discussion and conclusions FROM in this project, we can 
make following recommendations to the future work. 
8.2.1 Determine the transition temperature and transition temperature 
window of VO2 thin film 
One of the challenges in this study is to accurately determine the transition 
temperature of VO2. There are two transition temperatures: one is the 
transition temperature during the heating process, denoted as TH, at which the 
insulating monoclinic phase changes to the metallic tetragonal phase; the other 
one is the transition temperature, Tc, at which the metallic tetragonal phase 
changes to the insulating monoclinic phase during the cooling process. The 
difference between the TH and Tc is termed as the transition temperature 
window. To integrate the unique properties of VO2 into the real devices such 
as sensors, a narrow transition temperature window is expected, necessitating 
the effective modulation of TH and Tc, for example, by doping or stress. 
Therefore, it is important to accurately define both transition temperatures 
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during the heating and cooling processes. 
Based on the present experiment set-up, the challenges faced to determine the 
transition temperature are the accuracy of temperature control of the heating 
stage which is not very high, and controlling of the cooling rate is not 
available in this stage. Therefore, if the accuracy of the temperature control 
can be improved and the cooling rate can be controlled, for instance, by 
heating or cooling the sample in a closed environment other than in an open 
set-up, it is possible to conduct the experiments on defining the transition 
temperature as well as the transition temperature window. 
8.2.2 Combine SPM with a stress stage to conduct in-situ study on stress-
induced phase transition in VO2 
With the respect to the effect of mechanical stress on the conductivity 
variations of VO2 in this study, the stress or the strain is applied to the sample 
surface by the SPM tip or microindentation tests. Only compressive stress can 
be applied by the SPM tip, while the indentation residual stress cannot be 
quantified. To study the effects of mechanical stress more accurately, a stress 
stage should be designed and combined with the SPM measurements. In such 
way, it is likely to realize an in-situ SPM study on the stress-induced phase 
transition or conductivity variation of VO2 thin film samples. 
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8.2.3 Big data analysis 
Commonly, a mass of data set can be generated when mapping the surface 
properties with SPM techniques, especially when doing the SPM hysteresis 
loop mapping. In this study, given the homogeneous surface of deposited thin 
film samples, the data obtained by SPM are averaged. Although this is 
reasonable for the homogeneous surface, it is inevitable to ignore some 
detailed information at certain extremely localized regions such as the 
dislocations. For in-plane configured resistive switching cell, the distance 
between SPM tip and other electrode is not constant when mapping various 
surface properties; hence the individual analysis of the data is necessary. This 
individual analysis will need the capability to conduct big data analysis, for 
example, a hysteresis mapping with 128x128 point will generate 16,384 set of 
data, whereas each hysteresis loop will have 7 to 8 quantities to be determined. 
Since the information is of importance especially for the detail surface 
properties, it is desirable to develop effective and efficient approach for the big 
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The above surface potential image was obtained by Kelvin Force Probe 
Microscopy (KPFM) with a Pt coated tip. Before the KPFM scanning, the 
region within the blue box was poled by a dc voltage of 5 V, and the region 
with the red box was poled by a dc voltage of -5 V. The region outside the blue 
box is the pristine NiO surface; therefore, the surface potential in this region 
can show the difference between the work function of the Pt and NiO, i.e, 
Φ𝑃t − Φ𝑁𝑖𝑂. This difference is measured to be – 7.142 mV, confirming the 
interface between the Pt and NiO (p-type). This measurement was done on the 
same NiO sample by another student in our group.  
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Appendix II ESM amplitude image and I-V curve of TiO2 in 
the synthetic air 
 
 
(a) ESM amplitude of TiO2 obtained in the synthetic air; the up region was 
poled with 10 V and the down region was poled with -10 V before the ESM 






(a) ESM amplitude of TiO2 obtained in the synthetic air; Before the ESM 
imaging, -9 V were applied on a 4×4 grid. 
 
The images confirm that there are almost no ESM responses and no resistive 
switching when the measurements are performed in the synthetic air, 
indicating that the moisture play a determinative role in the electrochemical 




Appendix III XRD and XPS patterns of NiO, TiO2 and VO2 
 
XRD pattern of NiO samples prepared with different deposition duration and 
oxygen partial pressure: samples have a cubic crystal structure. The XRD 
peaks are weaker than that of Pt in the substrate due to the extremely small 





(a) XRD pattern of TiO2 samples prepared with different deposition duration: 
samples have a rutile crystal structure. The XRD peaks are weaker than that of 
Pt in the substrate due to the extremely small film thickness (4-36 nm). (b) 
XPS spectrum of TiO2 thin film (prepared under 1.3×10
-6 Torr and for 10 
mins): the two strong peaks at 464.6 eV and 458.8 eV corresponds to the Ti4+, 






XRD pattern of VO2 showing a rutile crystal structure 
 
 
